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ABSTRACT
LIGAND DESIGN FOR THE SEPARATION OF RARE EARTH ELEMENTS
Joshua J. M. Nelson
Eric J. Schelter
Rare earth elements (La-Lu, Sc, and Y) exhibit unique magnetic and optical
properties that make them irreplaceable components of many technologies. Concerns over
the rare earth supply chain have focused efforts toward recycling rare earths from end of
life technology. Less than 1% of the rare earth elements are currently recycled. This
situation is due to the high cost of implementing solvent extraction methods to purify these
elements from mixtures, compared to the costs associated with primary mining and
purification operations. This dissertation describes work on the development of novel
ligands that form water- and oxygen-stable rare earth complexes, to facilitate the separation
of rare earth mixtures into purified elements to enable recycling. Derivatization of a
tripodal hydroxylamine ligand demonstrated that changing the steric and electronic
properties of rare earth complexes impacted their solubility properties and stability to
water. A tripodal hydroxypyridonate ligand system with pH-dependent precipitation of the
rare earths was achieved. The precipitation separation performance was quantified as a
function of pH and ligand equivalents through the development of a high-throughput
experimentation screen. The screening results determined optimal rare earth separations
conditions that were applied on lab-scale to afford aqueous rare earth separations in a single
chelation and separation step. Development of a tripodal catecholate ligand formed
homobimetallic rare earth complexes with rare earth-dependent redox properties,
iv

determined using cyclic voltammetry, and informed ligand design for future redox-driven
separations processes.
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CHAPTER 1: Background, Motivations, and Objectives

1.1

Introduction to Sustainable Chemistry
The study of green and/or sustainable chemistry is motivated by the need to support

society with chemical processes that minimize waste and environmental damage. Green
chemistry principles serve as a guide to the development of technology and processes that
are safe to human health, benign to the environment, and minimize waste. 1 Many of these
principles are complementary. For example, avoiding the use of temporary protecting
groups in a chemical synthesis addresses two other green chemistry principles: maximizing
atom economy by eliminating the reagents required in the protection and deprotection
steps, and reducing the waste associated with each step.2 Designing less hazardous
syntheses is expected to provide safer solvents and reaction conditions, and minimize the
potential for accidents. Green chemistry principles have often been identified with organic
chemistry in the use of nontoxic and sustainably-sourced solvents, or reagents that improve
process chemistry. 1, 3 Green inorganic chemistry, has largely been focused in recent years
on renewable energy science using inorganic materials, and the development of
nonprecious metal catalysts. However, sustainable practices encompass the whole of the
chemical enterprise, and there are numerous opportunities for fundamental inorganic
chemistry in the development of improved industrial practices.
Adapted with permission from Inorg. Chem. 2019, 58, 979-990.
DOI: 10.1021/acs.inorgchem.8b01871. Copyright 2019, American Chemical Society.
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Industry values green chemistry because industrial chemists recognize how greener
processes impact their companies’ bottom lines, contribute to positive models in corporate
ethics, and deliver value based on customers’ needs. An emerging area of sustainable
chemistry is the development of circular economies—the ability to efficiently and
inexpensively process spent consumer materials back into raw materials (Figure 1.1.1).4-5
This idea goes beyond just collecting and recycling used materials—designing products
that are more efficient and require fewer materials, developing production lines that
minimize waste, and creating distribution networks to minimize fossil fuel consumption
are all parts of the circular economy.

Figure 1.1.1. Components of the circular economy. Courtesy of the European Commission.5

Chemical separations are defined as the division of a chemical mixture into its
elemental components, though not all separations processes aim to isolate each component
in its purified form. 6 Separation and purification of raw materials are estimated to consume
∼15% of global energy use. 7 Separations processes employed historically in industry, such
2

as distillations, are energy-intensive due to their reliance on vaporizing at least one
component of a mixture. These account for 80% of current industrial separations (Figure
1.1.2).6 Newer methods generally consume less energy because they rely upon a
separations medium, such as a membrane or filter, to partition mixtures instead of a thermal
input. Such energy inputs are factored into a product’s life cycle assessment (LCA), which
evaluates the product’s environmental impact starting from sourcing raw materials to its
use and final disposal. 8 Other important LCA metrics include atmospheric emissions and
waste generation. The key here is to minimize environmental burden and avoid shifting
environmental problems from one process to another.

Figure 1.1.2. Examples of thermal separation processes (higher energy use) and nonthermal separation
processes (lower energy use). Thermal processes are energy-intensive because they are based on the enthalpy
of vaporization of at least one component.6 Reproduced with permission from reference 6 © 2019 National
Academy of Sciences.

Of central interest to “green inorganic chemistry” are materials containing essential
metals that are expensive or otherwise energy-intensive to purify from their primary ores,
such as gold, lithium, palladium, germanium, cobalt, and the rare earths (Table 1.1.1).
These elements have widespread or growing use in technology, concerns over continued
supplies, and difficulty in their separations from mixtures. Recycling such elements can
help alleviate the environmental burden of the products that use them. However, recycling
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problems are fundamentally different from mining chemistries because the postconsumer
“ore” comprises different chemical constituents.

Metal

Recycling Rate from End
of Life Technology

Separation Method from
Primary Ores

Gold †

87%9

Mercury amalgamation10

Lithium 11

<1%

Hydrometallurgy/pyrometallurgy

Palladium

60-70%12

Pyrometallurgy 13

Germanium*

76%12

Distillation 14

Cobalt

32%15

Hydrometallurgy/pyrometallurgy 16

Rare earths
<1%12
Solvent extraction17
Table 1.1.1. Recycling rates of selected metals from end of life technology. †Gold recycling rates vary by
market sector.12 *Germanium is primarily recycled during the production process, and not from end of life
technology.18

On April 10, 2017, Apple Computer released their 2017 Environmental
Responsibility Report. 19 The company pledged to end mining and use 100% recycled
materials in their products. Since then, Apple has developed a robot, Daisy, to disassemble
used iPhones to recover high quality materials for recycling. 20 For example, batteries are
sent to recyclers to recover cobalt and circuit boards are sent to smelters to recover copper
and gold. Notably, Daisy removes and stores rare earth-containing iPhone components,
such as the Taptic Engine, even though recycling chemistry has not yet advanced enough
to recover the rare earths from end of life technology.21 In 2019, 10% of all materials
shipped in Apple’s products were either recycled or sustainably sourced. 22 Apple’s pledge,
and actions toward achieving its goals, reflects a growing interest among technology
companies and governments of major global economies to red uce the environmental
burden of raw materials and create closed-loop supply chains for manufacturing. A notable
example is the partnerships between Umicore, a specialized cobalt recycling company, and
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companies including Audi, LG Chem, and Samsung.23 Umicore aims to close the supply
loop by recycling batteries to recover cobalt from the cathode material, and subsequently
manufacturing new cathode materials to return to their partners. While such partnerships
represent an important step forward toward the circular economy, Umicore relies on highenergy pyrometallurgical methods to recycle battery materials. 24
To achieve the grand challenges of a circular economy, new and improved
separations chemistries of high-value metals are essential. The key chemical questions here
are the pursuit of selectivity for the purification of one metal over others from complex
mixtures. There is a clear need for transformative, fundamentally new approaches in
inorganic chemistry that address this grand challenge of metals recycling. Our group is
interested in addressing these challenges in the chemistry of the rare earth and other
elements.

1.2

Introduction to the Rare Earths
The rare earth elements (REE: La−Lu, Sc, and Y) are increasingly present in

modern technology due to their unique electronic and magnetic properties. For example,
red light phosphors in compact fluorescent lightbulbs contain up to 10% by weight of
europium (Eu) and yttrium (Y), and can also contain lanthanum (La), cerium (Ce), terbium
(Tb), and gadolinium (Gd). 25 These rare earths are also used in LED bulbs. La and Ce serve
as heterogeneous catalysts for fluid cracking and catalytic converters. Wind turbine
generators use neodymium iron boride (Nd 2Fe14B) permanent magnets primarily
consisting of neodymium (Nd, ~70%) with praseodymium (Pr, ~23%) and dysprosium
5

(Dy, ~5%). Such magnets have seen increased use due to their high performance and
relatively low weight,26 and this market segment now represents the largest end use of rare
earths (Figure 1.2.1a).27-28 The properties of rare earths are essential in many of these
applications, and concerns over their supply chain have led to their designation as critical
materials in the United States and European Union.29-30

Figure 1.2.1. a) End uses of rare earth elements by volume. b) Global producers of rare earth elements.

The People’s Republic of China has dominated global RE production since the
1990s, and was responsible for over 90% of the market in 2010.29 Since then, China
changed its RE production and export quotas amid geopolitical conflicts. 31 As a result,
other countries began to seek out alternate sources of rare earths, including reopening rare
earth mines and beginning new mining operations. 32 In 2019, China was responsible for
63% of the global mining production of rare earths (Figure 1.2.1b).9 The next largest
producers of RE ores were the United States (12%), Burma (11%), and Australia (10%),
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with no other country producing more than 2% of the global supply of rare earth ores.9 It
is worth noting that the United States exports rare earth ores to China for separations. 32
Despite their classification as “rare” earth elements, the rare earths have crustal
abundances ranging from 0.5 to 60 ppm (Figure 1.2.2a)—similar to the abundances of
copper (67 ppm) and nickel (90 ppm).33 These elements are commonly found as mixtures
in minerals. Bastnäsite, a fluoro-carbonate mineral (REFCO 3), predominantly contains
mixtures of La, Ce, Pr, and Nd. 27 Monazite is a phosphate mineral that is also enriched in
early rare earths ((RE, Th)PO 4) including La, Ce, Pr, Nd, Sm, as well as thorium—an early
actinide.34 Xenotime is also a phosphate mineral, but is enriched in late rare earths
(RE(PO4)) such as Gd, Dy, Ho, Er, Yb, and Y.27 There are also ion-adsorption clays found
in China enriched in late rare earths. 30
Despite certain minerals being primarily enriched in early or late rare earths, rare
earth-rich ores often contain mixtures of the minerals and be home to nearly all of the rare
earths. For example, ores found in Bayan Obo, China, contain ~1 to 100 ppm of essentially
all the REs (Figure 1.2.2b, green trace).35 Carbonatite ores, such as those found in
Mountain Pass, CA, contain the mineral bastnäsite, and have a high concentration of the
early lanthanides (La–Gd, ~100 ppm to ~1%), but a much lower concentration of the late
lanthanides (Tb–Lu, ~1 to ~100 ppm) (Figure 1.2.2b, red trace). Though these ores are
concentrated in rare earths when compared to the upper continental crust (Figure 1.2.2b,
black dotted line), the overall concentration of these elements is still relatively low and
necessitates extensive purification efforts. For example, refining a bastnäsite ore from 7%
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to 90% rare earth oxide content by weight requires grinding, chlorination, froth flotation,
leaching, and calcination steps. 36 This refinement (beneficiation) process is followed by
separation of the individual rare earths from one another.

Figure 1.2.2. a) Abundance (atom fraction) of the chemical elements in Earth’s upper continental crust as a
function of atomic number. b) Abundance of rare earth elements in Mountain Pass, CA, carbonatite ore and
Chinese lateritic ore. Courtesy of the U.S. Geological Survey.35

Intra-rare earth separations are particularly challenging due to the similar chemical
properties of the rare earths. These elements are most commonly found in the 3+ oxidation
state, though some REs are common in additional stable oxidation states including Ce 4+,
Sm2+, and Eu 2+.37 The valence 4f-orbitals are diffuse and have minimal probability density
extending past the 5d, 6s, and 6p-orbitals (Figure 1.2.3a).38 As a result, these orbitals are
core-like in nature and bonding with these elements is primarily ionic. Further, poor
shielding by the 4f electrons results in a systematic contraction of the outer orbitals across
the lanthanide series and is known as the “Lanthanide Contraction.”39 The Lewis acidity of
the lanthanides increases with increasing nuclear charge, evident in the systematic decrease
in free energies of formation ( G°) of the lanthanides with ethylene diamine tetraacetic
8

acid (EDTA) with decreasing ionic radius (Figure 1.2.3b).40 The average difference in G°
between adjacent lanthanides across the series is only ~0.41 kcal/mol. By comparison, a
difference in Gibbs free energy between two transition states of ~2.0 kcal/mol is required
to achieve 90% enantiomeric excess in an organic transformation at room temperature.41
This comparison highlights the similarity in chemical properties observed among the
lanthanides and is the basis for the difficulties associated with separating mixtures of rare
earths.

Figure 1.2.3. a) Calculated radial distribution functions for the Sm 3+ ion, highlighting the contracted nature
of the 4f orbitals.38 Reproduced with permission from reference 38 © 2004 Royal Society of Chemistry. b)
Relationship between free energy of formation of the lanthanides (Ln) with ethylene diamine tetraacetic acid
(EDTA) and rare earth ionic radius.40

Countercurrent solvent extraction is the industry standard for separating mixtures
of rare earths. These processes involve contacting an acidic, aqueous metal-containing
phase with an immiscible extract-containing phase, generally using toxic and flammable
organic solvents including kerosene, in a mixer-settler apparatus, then allowing the phases
to settle and separate the metal-loaded extractant from the aqueous raffinate (Figure
1.2.4).42 These processes rely upon extractants featuring hard O-atom donors, such as 2ethylhexyl-mono(2-ethylhexyl) ester phosphonic acid (HEHEHP) or Cyanex ® 572, a
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proprietary mixture of phosphonic and phosphinic acids, to chelate the metal cations and
transport them into the organic phase. Such extractants have modest selectivity for late rare
earths due to their increased Lewis acidity compared to the early rare earths. This is evident
in the average separations factor, SFRE1/RE2 = 2.5, between adjacent lanthanides using
HEHEHP.43 Separations factors for early/late RE mixtures are generally higher, such as
between neodymium and dysprosium: SFNd/Dy = 50.43 However, a separations factor of 50
represents an average purity of ~80% for each RE, where a purity of over 99.99% is
required for use in optical and magnetic applications.39 Industrial processes for rare earth
separations thus involve many iterations of countercurrent solvent exchange, an energyand resource-intensive process, to achieve the purified elements from ores.17

Figure 1.2.4. Schematic of the countercurrent solvent extractions process used in industrial processes.
Adapted with permission from reference 42 © 2014 Royal Society of Chemistry.

Several research consortia have been developed in recent years to address
challenges in rare-earth separation and recycling, such as the European Rare Earth
Recycling Network and the Critical Materials Institute in North America, to improve
selectivity in the solvent extraction process. Some of the current research directions in
10

separating rare-earth mixtures from electronic waste include separations with ionic
liquids,44-45 and development of novel extractants. 46-49 As a selected example, the
Binnemans group has reported using the ionic liquid trihexyl(tetradecyl)phosphonium
nitrate to extract Nd and Dy from aqueous ammonium nitrate solutions. 44 These elements
could then be separated through selective extraction into an aqueous phase using EDTA,
resulting in SFNd/Dy = ~100. This reported separations factor was twice that obtained of
HEHEHP. Further, the ionic liquid is a “greener” solvent choice than kerosene due to its
low flammability and decreased toxicity. However, optimal separations could only be
achieved using the ionic liquid at elevated temperature (70 ºC), and would consume more
energy than room temperature processes. 44
While these efforts represent important advances in solvent extraction, the capital
expenditures associated with new solvent extraction infrastructure are a barrier to applying
such methods for recycling rare earths from end of life technology.50 There is a clear need
for new strategies to separate mixtures of rare earths from end of life technology. One
strategy involves using chromatographic methods to separate mixtures of rare earths. 51-53
A recent example from the Shafer group physisorbed bis–(2–ethylhexyl) phosphoric acid,
a similar compound to the extractants used in solvent extraction, on mesoporous carbon to
use as a stationary phase (Table 1.2.1).52 Rare earths were eluted at differing fraction
volumes based on their affinities to the stationary phase. This method was shown to rapidly
separate Nd/Eu mixtures with a separations factor SFNd/Eu = ~200. While this was a
reasonable separations factor, the method to prepare the stationary phase represents a larger
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potential impact due to the simplicity of the procedure and its potential for extractants with
greater selectivity to be applied in chromatographic separations.
Another strategy is crystallization or precipitation of individual rare earths from
mixtures (Table 1.2.1). The Wang group has reported a method that precipitates Nd and
Dy borate salts in different crystalline phases. 54 These crystalline phases had differing
densities, which allowed these elements to be separated by flotation of the Nd crystals in
bromoform and afford a separations factor SFNd/Dy = 986. The Tasaki-Handa group has
reported selective crystallization of

rare

earth coordination polymers using

dibutylphosphoric acid.55 The Dy-containing coordination polymer was found to be
~4500 less soluble than the Nd analogue. This difference in solubility was used to
selectively precipitate Dy from mixtures with Nd over the course of 7 d at 20 ºC, and
achieve a separations factor SFNd/Dy > 300. Other groups have approached selective
precipitation by taking advantage of europium’s photophysical properties. 56-60 Irradiation
of the charge transfer band from water to Eu 3+ in aqueous media selectively formed Eu2+,
which was then precipitated as an insoluble sulfate salt, EuSO 4. The Y3+ in solution does
not exhibit the same photochemistry as Eu 3+, thereby remaining in solution to afford a
separations factor SFEu/Y = ~170.
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Table 1.2.1. Comparison of rare earth separations methods.
Microcolumn
Separation

Borate
Crystallization

52

HNO3 (aq)

54
Selective
crystallization
Water

Phosphoester
Coordination
Polymer
55
Selective
crystallization
HNO3 or HCl (aq)

20
30 min
SFNd/Eu = ~200

200
5d
986

20
7d
300+

Reference
Method

Chromatography

Solvent(s)
Temperature (ºC)
Time
SFNd/Dy

Photochemical
Reduction
56
Selective
precipitation
i
PrOH/HCl (aq)
20
2d
SFEu/Y = ~170

The research in this dissertation aims to advance the separation of rare earth
elements by designing new ligand frameworks to selectively extract individual elements
from mixtures.

1.3

Outline of the Dissertation
The major goal of the research presented in this dissertation was to expand upon

rare earth separations achieved using the hydroxylamine proligand, H3TriNOx (N[(2‐
tBuNOH)C

6H4CH2]3).

This proligand was coordinated to the rare earths through a

protonolysis reaction, and the early rare earth complexes (La-Sm) complexes were found
to undergo a dimerization equilibrium in solution (Kdimer) that was correlated to the ionic
radii of the rare earths. The presence of this association constant (Kdimer) gave differences
in benzene solubility, which were used to separate mixtures of early (La-Sm) and late (EuLu) rare earths (i.e. SFNd/Dy = ~300). It was expected that changes to the framework’s steric
properties would shift the thermodynamic solution equilibria and afford the separation of
previously inseparable mixtures of rare earths. Changes to the electronic properties of the
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proligand were also expected to allow access to mild rare earth-chelation conditions and
enable benchtop coordination and separation chemistry . The results presented in this
dissertation contribute to a greater understanding of ligand design principles to develop
bench-stable rare earth complexes and inform the design of future separations systems.
In Chapter 2, the synthesis and characterization of the adamantyl-substituted
H3TriNOx derivative, H 3TriNOx Ad (N[(2‐AdNOH)C6H4CH2]3) is reported. The
preparation of the associated metal complexes, Nd(TriNOx Ad) and Dy(TriNOx Ad), is also
reported. These complexes exhibited decreased solubility in organic solvents, such as
CH2Cl2 and benzene, compared to Nd(TriNOx) and Dy(TriNOx), and were isolated only
in a monomeric form, meaning no dimerization was observed. Differences in the solubility
of Nd(TriNOx Ad) and Dy(TriNOx Ad) in THF allowed for the separation of these two
elements in a combinatorial synthesis and separation step (SFNd/Dy = 27.8). In a different
aim, two amide–based tripodal proligands, H3TriNCOR (R = tBu, CF3; N[2‐
(NHC(O)R)C6H4CH2]3), were synthesized and coordinated to rare earth elements.
Complexes of the proligand H3TriNCOtBu, an electron-rich proligand, were found to
exhibit complicated solution–speciation as well as similar solubilities among all rare earths
investigated. Rare earth complexes of H 3TriNCOCF3, an electron-poor proligand, were
synthesized using a mild base, Et3N, but were found to be water–sensitive and prone to
hydrolysis. These findings highlight the importance of the ligand’s donating strength in
developing bench-stable frameworks.
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In Chapter 3, the development of a tripodal hydroxypyridonate proligand,
HN[(NHC(O)(1–HO–2–(O)–C5H3N)C2H4]3•O(O)CCF (H3tren–1,2,3–HOPO•TFA), is
described. The oxygen- and water-stable complexes of RE(tren–1,2,3–HOPO) (RE = La,
Nd, Dy) are synthesized under aqueous conditions and fully characterized. A pH –
dependent precipitation was observed among the rare earth complexes in which La(tren–
1,2,3–HOPO) did not precipitate from 0.25 M HCl solutions, but Nd(tren(tren–1,2,3–
HOPO) and Dy(tren–1,2,3–HOPO) did precipitate. A high-throughput experimentation
(HTE) screen was developed to quantify the precipitation of the rare earth complexes as a
function of pH and predict optimal conditions to separate mixtures of rare earths. The
predictions of the HTE screen were validated in lab-scale mixtures and effected the
separation of binary mixtures of rare earth elements in a combined synthesis and separation
step (SFLa/Nd = 16.2, SFNd/Dy = 213).
In Chapter 4, a new redox-active, tripodal catechol-derived proligand,
(tren HC=N(H2tBu2cat)3), was developed and used to synthesize homobimetallic rare earth
complexes. The identity of the rare earth cation significantly influenced the redox behavior
of the catecholate framework. Two redox waves were observed for La2[tren HC=N(tBu2cat)3],
whereas three waves were observed for Nd 2[tren HC=N(tBu2cat)3] and Dy2[tren HC=N(tBu2cat)3].
The third redox wave was found to have shifted ~170 mV anodically in the case of the
dysprosium complex. The relationship between the difference in electrochemical potentials
between two rare earth complexes and the difference in their ionic radii, E/ r, was used
to compare these findings to the literature. The largest

E/ r values were observed for
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complexes in which the redox event occurred on atoms directly bound to the rare earth
cation. Frameworks with large E/ r values are expected to exhibit the greatest level of
selectivity for the redox reaction of a single rare earth to afford its isolation from mixtures.
In Chapter 5, N-tert–butyl–N–2–pyridyl nitroxide is coordinated to transition
metals. The cobalt(II) complex was found to be square planar in the solid state, and
potentially exhibited reversible magnetic field-dependent electrochemical behavior in
solution. Cobaltacene was not found to exhibit any magnetic field -dependent
electrochemical behavior in solution, by comparison. The zinc(II) complex formed dimers
in the solid state bridged by the ligand O-atoms. These dimers were persistent in non-polar
solvents, but could be dissociated at elevated temperatures or in polar, coordinating
solvents. The zinc(II) complex potentially exhibited irreversible magnetic field-dependent
electrochemical behavior in solution. Additional experiments are required to confirm the
impact of the magnetic field on the electrochemical behavior of both the cobalt(II) and
zinc(II) complexes. These preliminary results implicated ligand involvement in the
changes observed in the electrochemical experiments in response to the presence of a
magnetic field. Further investigations into varying ligand frameworks and coordination
geometries, such as octahedral coordination environments, are expected to uncover the
extent of their influence on electrochemical responses to applied magnetic fields.

1.4
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CHAPTER 2: Tripodal Ligands with Mixed Nitrogen- and OxygenDonors for the Separation of Rare Earth Mixtures

2.1

Abstract
Work by our group previously has shown that the proligand H3TriNOx (N[(2‐

tBuNOH)C

6H4CH2]3)

effectively separates binary mixtures of rare earth elements under

anaerobic, anhydrous conditions. Derivatives of this proligand were developed to
accomplish these separations under water– and oxygen–tolerant conditions, target
separations of different mixtures of rare earths, and give added functionality in different
solvents.

The

hydroxylamine–based tripodal

proligand,

H3TriNOx Ad

(N[(2‐

AdNOH)C6H4CH2]3), was synthesized and coordinated to rare earth elements. The
resulting complexes were found to only display monomeric forms in both solution and the
solid state. These results were different from the results observed for the parent ligand,
H3TriNOx, which exhibited dimerization for RE(TriNOx) complexes when RE = La–Sm.
Modest separation factors of Nd/Dy mixtures (SFNd/Dy = 27.8) were achieved in a
combinatorial synthetic and separation step performed in tetrahydrofuran, based on subtle
differences in solubility between the RE(TriNOx Ad ) complexes. Two amide–based
tripodal proligands, H3TriNCO R (R = tBu, CF3; N[2‐(NHC(O)R)C6H4CH2]3), were also
synthesized and coordinated to rare earth elements. The complexes using the proligand
H3TriNCO tBu were found to exhibit complex solution–speciation and similar solubilities
among all rare earths investigated. Complexes of H3TriNCO CF3 were synthesized using
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mild bases, such as triethylamine, but were found to be water–sensitive, and prone to
hydrolysis thereby limiting potential benchtop separations.

2.2

Introduction
Rare earth (La-Lu, Sc, and Y) elements are critical components of green energy

technology. For example, neodymium and dysprosium are found in the permanent magnets
of turbines in windmills and in electric vehicle motors.1-2 A lack of supplier diversity,
surges in demand, and low substitutability rates has led to concerns over the continued
supply chain for rare earths.3-4 Less than 1% of rare earths are currently recycled from end
of life technology,5 likely due to the capital expenditures associated with implementing
new countercurrent solvent extraction infrastructure compared to the cost of rare earth
oxides.6 There is interest in developing fundamental, new methods to efficiently, and costeffectively, separate mixtures of rare earths with the end of goal of recovering these
elements from end-of-life technology.
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Scheme 2.2.1. Previously reported synthesis of H3TriNOx and RE(TriNOx)(solv).7-8

Our

group

has

previously

reported

the

tris(2-tert-

butylhydroxyaminato)benzylamine (H3TriNOx) framework—a tripodal proligand
featuring hydroxylamine moieties. 7 The RE complexes, RE(TriNOx) (RE = La-Nd, Sm22

Lu, Y) were generally synthesized in good yield through protonolysis of the proligand with
the corresponding water-sensitive RE[N(SiMe3)2]3 precursor (Scheme 2.2.1).8 The
complexes were stable under inert atmosphere both as solids and in solution (e.g. CH2Cl2
and pyridine), but had limited stability upon exposure to oxygen.

Figure 2.2.1. Thermal ellipsoid plots of reported complexes Nd(TriNOx)(THF) (a) and [Nd(TriNOx)]2 (b)
at the 50% probability level.7 Hydrogen atoms removed and tBu groups depicted in wireframe for clarity.

The RE(TriNOx) complexes have been isolated in the solid state as monomeric
species capped with an apical solvent molecule (Figure 2.2.1a). The 1H NMR spectra of
these complexes in polar organic solvents, such as d 5–pyridine, were consistent with a
monomeric, C3-symmetric solution speciation, and presumably pyridine coordination.
However, 1H NMR spectra of the early rare earth complexes in non-polar organic solvents,
such as C6D6, were found to have significantly shifted spectra, and a large number of
resonances, indicative of lower symmetry solution-speciation. Single crystal X-ray
diffraction analysis of crystals grown from nonpolar solvents revealed the dimerized
species [RE(TriNOx)]2 (Figure 2.2.1b).
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Scheme 2.2.2. a) Reported Dimerization equilibrium between RE(TriNOx)(THF) and [RE(TriNOx)]2 and
b) Correlation between the cation sizes and reported logarithm of the experimentally determined equilibrium
constants, log(Kdimer), for RE(TriNOx) (RE = La -Sm, red circles) and extrapolated log(Kdimer) values for
RE(TriNOx) (RE = Eu-Lu, blue squares).8

The dimerization equilibrium was measured by titrating [RE(TriNOx)]2 with THF
in C6D6 and quantifying the amount of dimer and monomer present (Scheme 2.2.2).8 The
dimerization constant, Kdimer, was found to be directly correlated with the ionic radius of
the RE3+, where the RE cations with the largest ionic radius exhibited the greatest degree
of dimerization (Scheme 2.2.2b). Notably, this dimerization was observed for the early
REs (La-Sm), but not to an appreciable degree for the late REs (Eu-Lu). This difference in
speciation resulted in differences in solubility between early and late REs that could be
used to effect their separation from binary mixtures. For example, stirring a solid mixture
of Nd(TriNOx) and Dy(TriNOx) in benzene, followed by filtration, achieved a separation
factor (SFNd/Dy) of ~300—an order of magnitude improvement over the extractant HDEHP
(di(2-ethylhexyl)phosphoric acid, SFNd/Dy = 41.5), for a single pass in industrial solvent
extraction.
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Figure 2.2.2. Modifications to the RE(TriNOx) framework by the Schelter group.8-11

Modifications to the RE(TriNOx) framework have enabled improvements to RE
separations performance in previous work (Figure 2.2.2).10 For example, axial phosphoryl
ligands were found to influence the dimerization equilibrium constants of Nd(TriNOx) to
varying extents depending on their Lewis basicity. 10 Furthermore, these phosphoryl ligands
were found to inhibit the dimerization of Nd(TriNOx) to a greater extent than
La(TriNOx), effecting separation of those rare earth elements in hexanes. This result
allowed access to challenging early/early RE separations using H3TriNOx, and
demonstrated a new method for separating binary mixtures of REs.
The effect of substituents on the aryl backbone of H3TriNOx (Figure 2.2.2) has
also been previously investigated by our group. Electron-donating groups, such as 5–
methoxy, were found to both increase K dimer and improve the solubility of
[Nd(TriNOx OMe)]2 in greener solvents compared to the parent [Nd(TriNOx)]2.9 These
modifications allowed for the efficient separation of binary Nd/Dy mixtures using more
environmentally-benign solvents. Further studies demonstrated that electron-withdrawing
substituents, such as 5–phenyl or 4–trifluoromethyl, decreased or eliminated
dimerization.11 The decreased dimer formation resulted in diminished separations
performance of SFNd/Dy = 11.8 and 11.0, respectively.
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Evidently, changes to the dimerization equilibrium in the RE(TriNOx) framework
influenced the separations performance of the system. It was therefore of interest to
investigate new perturbations to the steric profile of the H3TriNOx separations system. It
was expected that substituting the tert–butyl group of the hydroxylamine moiety with the
adamantyl group would increase the steric demand of the RE complexes, but not
significantly influence the electronic properties of the system, to alter Kdimer. Further
derivatization of the hydroxylamine itself was expected to allow access to greener solvents,
and more industrially relevant synthesis and separations conditions, namely decreased
water- and oxygen-sensitivity.

2.3

H3 TriNOxAd Results and Discussion
Synthesis of TriNOx Derivatives and Complexes. In previous work reported by

our group, the parent H3TriNOx proligand was synthesized without the isolation of
intermediates (Scheme 2.2.1).7 However, initial attempts to synthesize derivatives by
replacement of the tBu position, such as with an adamantyl (Ad) group, using similar
conditions resulted in an inseparable mixture of products (Scheme 2.3.1a). In this case, the
reaction mixture turned red upon quenching with NH4Cl (aq), suggesting oxidation of the
hydroxyl amine arm(s) of the ligand.12
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Scheme 2.3.1. a) Unsuccessful synthetic route for generation of H3TriNOx Ad (H 32.2). b) Synthesis of
H3TriNOx Ad (H 32.2) through the isolation of the lithiated intermediate, 2.1.

The intermediate species N[(2‐Li)C6H4CH2]3 (2.1) formed upon lithium-halogen
exchange of tris−(2−bromobenzyl)amine using nBuLi was isolated as a white solid in 91%
yield (Scheme 2.3.1b). X-ray diffraction analysis of crystals grown from a concentrated
tetrahydrofuran (THF) solution at low temperature (−

° C) revealed two unique

coordination environments for the lithium cations where two of the Li cations were
chelated to two phenyl anions and solvated by two THF molecules. The third lithium cation
was bound to all three phenyl anions, as well as the tertiary amine (Figure 2.3.1). Room
temperature 1H and 7Li NMR spectra of 2.1 in d 8-toluene contained one set of resonances—
consistent with a C3v−symmetric species at room temperature in which the lithium cations
and coordinating solvent molecules are in fast exchange (7Li NMR = 2.49 ppm, Figure
2.7.3, Figure 2.7.4). Upon cooling to 193 K, the 7Li NMR spectrum resolved into two
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distinct resonances at 5.99 and 0.96 ppm (Li(1) and Li(2-3), respectively) in a 1:2 ratio
consistent with the solid−state structure (Figure 2.7.5).

Figure 2.3.1. Thermal ellipsoid plot of 2.1 at the 50% probability level. Hydrogen atoms removed for clarity.

Reaction of 2.1 with 1−nitrosoadamantane in THF at low temperature, followed by
quenching with N 2-sparged NH4Cl (aq) afforded the targeted proligand, H3TriNOx Ad
(H32.2), in 33% isolated yield (Scheme 2.3.1b). The decreased yield of H 32.2 compared to
the parent H3TriNOx was likely due to decreased electrophilicity of the Ad -NO reagent
compared to tBuNO. The 1H NMR spectrum taken in CDCl3 revealed one single set of
resonances consistent with the previously reported parent H3TriNOx.7 The benzylic signal
for H32.2 in the 1H NMR spectrum is significantly broadened compared to the parent
system, suggesting that hindered rotation might be observed along the Ntertiary–CBn bond.
X-ray diffraction analysis of crystals grown by vapor diffusion of hexanes into a
concentrated CH2Cl2 solution of H32.2 revealed a solid-state structure nearly identical to
H3TriNOx (Figure 2.3.2). Both structures exhibit intramolecular H-bonding through all
three hydroxylamine moieties and the tertiary amine.
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Figure 2.3.2. Thermal ellipsoid plots of H3TriNOx7 (a) and H32.2 at the 50% probability level. Hydrogen
atoms removed, and tBu and Ad groups depicted in wireframe for clarity.

The complexes, 2.2-Nd and 2.2-Dy, were synthesized by protonolysis of H32.2 with
one equivalent of RE[N(SiMe 3)2]3 in THF in 82 and 78% yield, respectively (Scheme
2.3.2). The 1H NMR spectra of the complexes in CDCl3 revealed a C3−symmetric
solution−state structure for both 2.2-Nd and 2.2-Dy with no evidence of dimer formation
to the detection limit of the NMR experiment; a dimer that would show C2−symmetry. This
observation was in contrast to the previously reported parent Nd(TriNOx), which
exhibited both monomeric and dimeric species in CDCl 3. Dimerization of 2.2-Nd in nonpolar solvents (e.g. benzene, toluene, Et2O, hexanes) could not be investigated due to
insolubility in all relatively non-polar solvents.
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X-ray diffraction analysis of crystals grown from a concentrated CHCl 3 solution of
2.2-Nd at low temperature (−

° C) was consistent with solution state speciation (Figure

2.3.3b). Notably, there was no evidence for the binding of an apical THF molecule in the
solid state structure that was generally observed in complexes of the parent H3TriNOx
(Figure 2.3.3a). Comparisons of bond metrics for the previously reported Nd(TriNOx)
and 2.2-Nd indicated a significantly shorter Nd–Ntertriary distance for the adamantyl
derivative (Table 2.3.1). This observation was consistent with increased steric bulk
afforded by the bulky Ad-groups, preventing an apical solvent molecule from binding and
thereby showing a relatively stronger Nd–Ntertiary electrostatic interaction. The shortening
of the RE–Ntertiary distance in absence of a coordinated solvent molecule was observed in
the previously reported Dy(TriNOx); addition of an apical THF molecule increased the
length the bond by ~0.25 Å in the solid–state structure in that case.7, 10 The steric bulk
afforded by the adamantyl group, compared to the tert–butyl group, was further supported
by a percent buried volume (%Vbur) calculation (vide infra); which quantifies the space
occupied by the ligand in the first coordination sphere of the rare earth cation.13 The %Vbur
of 2.2-Nd was 83.6%, where Nd(TriNOx)(THF) had a %Vbur = 79.9%. Single crystals of
2.2-Dy suitable for X-ray diffraction analysis could not be obtained for direct comparison
of its solid–state structure to the parent system.
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Figure 2.3.3. Thermal ellipsoid plots of Nd(TriNOx)(THF)7 (a) and 2.2-Nd (b) at the 50% probability level.
Hydrogen atoms removed, and tBu and Ad groups depicted in wireframe for clarity.
Table 2.3.1. Selected bond metrics of Nd(TriNOx)(THF)7and 2.2-Nd.
Metric

Nd(TriNOx)(THF)

2.2 -Nd

RE–NNO (Å)

2.554(4)

2.477(10)

RE–ONO (Å)

2.260(3)

2.306(8)

RE–Ntertiary (Å)

2.820(9)

2.664(15)

%Vbur

79.9%

8

83.6%

Separations Experiments Using H32.2. Separations of binary RE mixtures were
achieved with the parent H3TriNOx framework due to differences in solubility between
the dimeric and monomeric RE(TriNOx) species, where early RE complexes would form
benzene-soluble dimeric species, and late RE complexes would remain as benzeneinsoluble monomeric species (Scheme 2.2.2).8 The absence of dimerization observed in
the 2.2-RE system, likely due to the increased steric hindrance afforded by the adamantyl
groups, limited any potential separations between binary RE mixtures to simple differences
in solubility in a single solvent between species exhibiting similar speciation. 2.2-Nd and
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2.2-Dy exhibited nearly identical solubility in CH2Cl2, CHCl3, and pyridine. 2.2-Nd
exhibited modest solubility in THF while 2.2-Dy appeared to be completely insoluble in
THF.
Separations of 1:1 mixtures of Nd:Dy were performed by stirring homogeneous
solutions containing both Nd[N(SiMe3)2]3 and Dy[N(SiMe3)2]3 in THF followed by
addition of one equivalent of H32.2 per RE to prepare 2.2-Nd and 2.2-Dy (Table 2.3.2).
Volatiles were removed after 3 hours and the solid was washed with hexanes to remove
HN(SiMe3)2. The solid mixture of 2.2-Nd and 2.2-Dy was subsequently stirred in fresh
THF for 30 minutes, then filtered. Analysis of the isolated solid and filtrate portions
revealed a modest separations factor (SFNd/Dy) of 17.9 (Table 2.3.2, Entry 1). The solid
enrichment factor (EFsolid) of 1.53 was low, suggesting a low purity of the Dy-enriched
solid portion consistent with poor THF-solubility of both 2.2-Nd and 2.2-Dy. The filtrate
enrichment factor (EFfiltrate) was larger at 11.72.
Table 2.3.2. Conditions for the separation of Nd and Dy using H 32.2 in organic solvents.
HO
2

Ad

N

Nd[N(SiMe3)2]3
+
Dy[N(SiMe3)2]3

N

2.2•Nd
+
2.2•Dy

THF
3h

solvent
time
filter

Filtrate
Solid

2.2-Nd
2.2-Dy

3

H32.2

Entry

Ligand

Solvent

Time (h)

EFsolid

EFfiltrate

SFNd/Dy

1

H 32.2

THF

0.5

1.53

11.72

17.9

2

H 32.2

THF

0

3.27

8.50

27.8

C6H 6

0.5

15.4

23.2

303

-

-

-

-

50

3

a

4

b

H3TriNOx

9
14

Cyanex® 572

EF = enrichment factor. SF = separations factor. a EFsolid is Dy-enriched and EFfiltrate is Nd-enriched in
the parent H3TriNOx system. bCalculated SFNd/Dy using solvent extraction procedures.
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Precipitation was observed during the initial 2.2-Nd and 2.2-Dy synthesis step, and
was thus investigated as a potential one-step synthesis and separation procedure. The crude
2.2-Nd/2.2-Dy mixture was filtered after 3 hours of stirring and the solid portion was
washed with minimal hexanes. This procedure resulted in EFsolid = 3.27, and EFfiltrate =
8.50, ultimately yielding SFNd/Dy = 27.8 (Table 2.3.2, Entry 2). This represented a ~50%
improvement over the stepwise procedure, but still underperformed the commercially
relevant extractant Cyanex® 572 (SFNd/Dy = 50, Table 2.3.2, Entry 4) and was much less
effective than the previously reported parent H3TriNOx (SFNd/Dy = 303, Table 2.3.2, Entry
3).

2.4

Conclusions of H3 TriNOxAd
A derivative of the parent H3TriNOx ligand framework was synthesized in which

the tBu group was substituted with an adamantyl group, H32.2, in low yield. The complexes
2.2-Nd and 2.2-Dy (RE = Nd, Dy) were synthesized in good yields and characterized in
solution by 1H NMR spectroscopy and 2.2-Nd characterized in the solid state using single
crystal X-ray analysis. These complexes were only observed to exist as monomeric species
without any evidence of the dimer formation observed in the parent system. The lack of
distinct speciation between the 2.2-Nd and 2.2-Dy limited any separations attempts to
slight differences in solubility between the complexes. Modest separations, SFNd/Dy = 27.8,
were achieved in a single synthesis and separation step starting from 1:1 mixtures of
Nd[N(SiMe3)2]3 and Dy[N(SiMe3)2]3 with two equivalents of H32.2. Due to difficulties in
synthesizing derivatives at the tBu position for the previously reported parent H3TriNOx,
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and the absence of improvement over the parent system, with adamantyl substitution,
alternative ligand frameworks were pursued.

2.5

H3 TriNCOR Results and Discussion
Synthesis of H3TriNCOR Derivatives and Complexes. To develop new ligands

capable of performing separations, it was important to maintain a tripodal N/O–donating
environment to minimize scrambling of REs and allow for ionic radius–dependent
speciation observed for the H3TriNOx framework.8 Therefore, a framework that allowed
for straightforward derivatization to access differing electronic and steric properties was
pursued.

Figure 2.5.1. General binding mode of (a) previously reported RE(TriNOx) (b) proposed framework
RE(TriNCOR) and (c) previously reported M[(N(o-PhNC(O)R)3]. Previously reported thermal ellipsoid
plots at the 50% probability level of (d) dimeric and (e) tetrameric Ce-containing complexes in the
M(TriNCOR) framework.17
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A tripodal amidate-based ligand, 2,2′,2′′–tris–(iBu–N–amidotriphenyl)amine, has
previously been reported to chelate transition metals and main group elements to form
monomeric complexes (Figure 2.5.1c).15-17 The iBu groups were reported to be readily
replaced to generate a family of complexes with varying properties. RE complexes isolated
as dimeric (RE = La, Ce, Nd, Figure 2.5.1d), and tetrameric species (RE = Ce, Nd, Figure
2.5.1e), have also been previously reported.18 It was expected that altering the backbone of
the ligand framework from the reported tris–(2–aminophenyl)amine to tris–(2–
aminobenzyl)amine, akin to H3TriNOx, would potentially limit the resulting complexes
to monomeric and dimeric species in the tris–(2–R–amidobenzyl)amine (H3TriNCOR, R
= alkyl, Figure 2.5.1b) framework.
H
N
HN

R
NH

Cl
NO2

NO2

O 2N
N

KI, K2CO3
CH3CN, reflux
91%

NO2

N2H4•H2O
4% Pd/C
EtOH, reflux
44%

NH2

H2N

O
A: R = tBu, 92%

N

O
N
H

HN

R

N

B: R = CF3, 65%
NH2

CH2Cl2

NH
R
O
H32.3 (R = tBu)
H32.4 (R = CF3)

Scheme 2.5.1. Synthesis of tris-amide proligands H 32.3 and H 32.4. A) R = tBu, 3.5 equiv pivaloyl chloride,
3.5 equiv Et3N, 92%. B) R = CF3, 3.3 equiv trifluoroacetic anhydride, 3.75 equiv pyridine, 65%.

Tris–(2–aminobenzyl)amine, was synthesized over two steps in moderate yield
from commercially available starting materials (Scheme 2.5.1). The proligand tris–(2– tBuamidobenzyl)amine, H3TriNCOtBu (H32.3), was synthesized in good yield from precursor
tris–(2–aminobenzyl)amine by reaction with pivaloyl chloride in the presence of a base.
Compound H32.3 was found to be soluble in common organic solvents such as hexanes,
CH2Cl2, THF, and alcohols.
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tBu

O

tBu

O

N
H

HN
N

RE = Nd (87%)
Dy (84%)

O

N

RE[N(SiMe3)2]3
THF/Et2O, 16h, RT

NH
tBu

tBu

tBu
tBu

RE

N
NN

NN

OO

OO

N

Nd
RE
O

tBu
tBu

N
tBu

O

Scheme 2.5.2. General synthesis of [2.3-RE]2.

H32.3 was chelated to REs through protonolysis with Nd[N(SiMe3)2]3 and
Dy[N(SiMe3)2]3 in a 1:1 ratio using ethereal solvents (Scheme 2.5.2) in 87% (Nd) and 84%
(Dy) yields. The products of the reactions were found to be soluble in THF, CH2Cl2, Et2O,
CHCl3, hexanes, pyridine, benzene, and toluene, limiting viable purification methods. Xray diffraction analysis of crystals grown by slow evaporation of an Et 2O solution of [2.3Nd]2 revealed a dimeric species in the solid state (Figure 2.5.2b).

Figure 2.5.2. Thermal ellipsoid plots of [Nd(TriNOx)]27 (a) and [2.3-Nd]2 (b) at the 50% probability level.
Hydrogen atoms removed and tBu groups depicted in wireframe for clarity.

The coordination mode of [2.3-Nd]2 was analogous to the previously reported
[Nd(TriNOx)]2 where one bridging oxygen atom donated by each half of the dimer.7 The
Nd–Ntertiary was ~0.2 Å longer for [2.3-Nd]2 than [Nd(TriNOx)]2, indicating the Nd cation
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is more shielded within the [TriNOx]3– framework than in the [2.3]3– framework (Table
2.5.1). This observation was supported by a percent buried volume (%Vbur) calculation
(vide infra). The %Vbur of [Nd(TriNOx)]2 was 77.2%, where [2.3-Nd]2 had a %Vbur of
72.1%.
Table 2.5.1. Selected bond metrics of [Nd(TriNOx)]27 and [Nd(TriNCOtBu)]2.

1H

Metric

[Nd(TriNOx)]27

[2.3-Nd]2

Nd–Ntertiary (Å)

2.934(2)

3.105(5)

Nd–Narm (Å)

2.591(2)

2.437(6)

Nd–O (Å)

2.251(1)

2.431(6)

Nd–Obridging (Å)

2.500(1)

2.361(4)

%Vbur

77.2%

72.1%

NMR analysis of the crude 2.3-RE reaction mixtures in C6D6 revealed

paramagnetic spectra with multiple peaks related to the tBu protons for both Nd and Dy
(Figure 2.7.12, Figure 2.7.13). These spectra suggested the dimeric species observed in
the solid state persisted in solution. Purely dimeric species were expected to have two tBu
resonances in the 1H NMR spectra, but the presence of additional tBu resonances indicated
larger, polymeric structures may have formed in solution. Differences in speciation and
solubility between Nd and Dy were not observed for the [2.3] 3– framework, making it a
poor candidate for separations chemistry on the same basis as [TriNOx]3– operates.
Furthermore, the synthesis of the complexes relies upon strong bases that are moisture
sensitive and ultimately not viable for bench top chemistry.
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N

CF3
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N
NH
CF3
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Scheme 2.5.3. General synthesis of 2.4-RE.

Replacing the weakly electron-donating tBu groups with electron-withdrawing CF3
groups was expected to lower the pKa of the amide enough to allow for deprotonation with
mild

bases,

such

as

triethylamine.

The

proligand

tris–(2–

trifluormethylamidobenzyl)amine, H3TriNCOCF3 (H32.4), was synthesized in 65% yield
with slight modifications to the procedures for H32.3 (Scheme 2.5.1). The complexes, 2.4La, 2.4-Nd, 2.4-Dy, were synthesized in 75%, 74%, and 71% yields, respectively, through
protonolysis in THF (Scheme 2.5.3). These complexes were well-soluble in polar organic
solvents and minimally soluble in non-polar solvents.
The 1H NMR spectra of 2.4-La and 2.4-Nd in d 5–pyridine revealed C3–symmetric
coordination environments surrounding the RE cation, consistent with a monomeric
solution–state speciation (Figure 2.7.16, Figure 2.7.19). The 1H NMR spectrum of 2.4-Dy
in d 5–pyridine showed one predominant set of signals with a second set of lower-intensity
resonances (Figure 2.7.23). The origin of the second set of resonances was not determined.
The 19F NMR spectra for all three 2.4-RE (RE = La, Nd, Dy) complexes in d 5–pyridine
contained a single resonance attributed to the CF3 moieties in equivalent chemical
environments (Figure 2.7.17, Figure 2.7.20, Figure 2.7.24); further supporting a C3–
coordination environment. Single crystals suitable for X–ray diffraction analysis were not
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obtainable for any of these complexes to confirm the binding motif . Isolated crystals were
found to be too small for analysis, exhibit poor crystallinity, and/or desolvate or decompose
upon selection for analysis.
The feasibility of achieving bench–top syntheses of 2.4-RE was attempted by
mixing Nd(OTf)3 and H32.4 in THF with three equivalents of Et3N. The 1H NMR spectrum
of the crude reaction mixture in h 8-THF (Figure 2.7.21) revealed paramagnetically shifted
resonances at similar chemical shifts to the purified 2.4-Nd in d 5–pyridine (Figure 2.7.20).
The

19F

NMR spectrum of the crude reaction mixture in h 8–THF contained three

resonances consistent with the CF3 moieties of H32.4, 2.4-Nd, and the triflate anion at –
75.51, –68.46, and –70.10 ppm, respectively. This result supported the hypothesis that
replacing the electron-donating tBu group with the electron-withdrawing CF3 group would
lower the pKa of the amide proton sufficiently for deprotonation with mild bases. Mixing
Dy(OTf)3 and H32.4 in THF with three equiv Et3N resulted in solid formation. Further
analysis of this solid was limited by its insolubility, though the observed difference in
reactivity between Nd(OTf)3 and Dy(OTf)3 with H32.4 and Et3N was promising for
potential separations (vide infra).
The water-stability of 2.4-Nd and 2.4-Dy was probed by collecting an anhydrous
1H

NMR spectrum in d 5–pyridine, then titrating in H2O. Addition of only 2

L H 2O

eliminated all paramagnetic resonances, though no new resonances appeared in the spectra
of 2.4-Nd (Figure 2.7.22) or 2.4-Dy (Figure 2.7.25). Diamagnetic H32.4–related
resonances appeared upon addition of 6 L H2O, indicating hydrolysis in the cases of both
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2.4-Nd and 2.4-Dy. The broad feature centered around ~5 ppm was attributed to the water
added to the NMR solution.
While the titration experiments performed using 2.4-Nd and 2.4-Dy was not
performed using 2.4-La, hydrolysis of 2.4-La in the presence of trace quantities of water
was confirmed in the 1H and 19F NMR spectra of 2.4-La in CD3CN (Figure 2.7.18). The
spectra collected in CD 3CN were shifted from those collected of the same solid sample in
d 5–pyridine as well as containing additional resonances indicating formation of a new
species, 2.5. X–ray diffraction analysis of crystals of 2.5 grown by slow evaporation of the
CD3CN solution revealed a surprising core with six lanthanum cations bridged by two
hydroxo– and two oxo–moieties, as well as four equiv [2.4]3– (Figure 2.5.3). The two
missing equivalents of ligand were presumably protonated by water and lost as H32.4. 2.5
could not be synthesized reproducibly, inhibiting determination of its solubility and
synthetic yield. Evidently, the electron-withdrawing CF3 group decreased the donating
ability of the H3TriNCOR framework enough to be displaced by water, and making it a
poor ligand for bench top chemistry.

40

Figure 2.5.3. Thermal ellipsoid plot of 2.5 at the 50% probability level. Hydrogen atoms omitted for clarity
(a). Front view of La 6 core (b) and top view of La6 core (c).

Separations Experiments Using H32.4. The differences in observed reactivity
between Nd(OTf)3 and Dy(OTf)3 with H32.4 and Et3N prompted investigation into use as
a single-step synthesis and separations method. The RE salts were combined in a 1:1 ratio
with two equiv H32.4 and six equiv Et3N. The reaction mixtures were filtered after three
hours and the solid and filtrate portions analyzed for RE content using ICP-OES (Table
2.5.2). In both THF and CH 3CN, the solid portions exhibited negligible enrichment in Dy
(EFsolid ~ 1), whereas the filtrate portion exhibited poor enrichment in Nd (EFfiltrate = 2.55
and 1.61, respectively), resulting in overall poor separations (SFNd/Dy < 3).
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Table 2.5.2. Conditions for the separation of Nd and Dy using H 32.4 in organic solvents.
CF3
O

2

NH

N
H32.4

3

Nd(OTf)3
+
Dy(OTf)3
+
6 Et3N

solvent
3h

2.4-Nd
+
2.4-Dy

Filter

Filtrate
Solid

2.4-Nd
2.4-Dy

Entry

Solvent

EFsolid

EFfiltrate

SFNd/Dy

1

THF

0.96

2.55

2.45

2

CH 3CN

0.98

1.61

1.58

EF = enrichment factor. SF = separations factor.

2.6

Conclusions of H3 TriNCOR Ligands and Separations
The proligands H32.3 and H32.4 were synthesized in moderate overall yields. The

final synthetic step, a simple peptide coupling, allowed for rapid derivative synthesis using
commercial reagents. The ligand H32.3 and its related complexes, 2.3-Nd and 2.3-Nd,
exhibited good solubility in most organic solvents. These complexes exhibited complex
solution-state speciation and similar solubility profiles making H32.3 a poor candidate for
RE separations chemistry. The complexes 2.4-La, 2.4-Nd, and 2.4-Dy, could be
synthesized using the mild base Et3N—an important step toward achieving benchtop
syntheses and RE separations. However, the complexes were found to hydrolyze readily in
the presence of water. The ligand H32.4 demonstrated differing reactivity between
Nd(OTf)3 and Dy(OTf)3 in the presence of Et3N, but was ultimately not found to effect the
separation of binary mixtures of these REs. Syntheses of H3TriNCO R derivatives with
intermediate electronic properties, such as using phenyl as a less electron-donating
substituent than tBu but more electron-donating than CF3, could prove promising in
achieving the goals of bench top RE separations.
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2.7

Experimental Section
General Methods. Reactions were performed under inert atmosphere using

standard Schlenk techniques or in a drybox equipped with a molecular sieves 13X / Q5 Cu0226S catalyst purifier system unless otherwise specified. Related glassware was ovendried for at least 3 hours at 150 C prior to use. 1H and 13C{1H} NMR spectra were obtained
on a Bruker DMX-300 Fourier transform NMR spectrometer at 300 MHz and a Bru ker
AVIII-400 NMR spectrometer at 100.61 MHz, respectively, or on a Bruker DRX-500
NMR spectrometer at 500 MHz and 126 MHz, respectively. Accurate mass measurement
analyses were conducted on either a Waters GCT Premier, time-of-flight, GCMS with
electron ionization (EI), or an LCT Premier XE, time-of- flight, LCMS with electrospray
ionization (ESI). Samples were taken up in a suitable solvent for analysis. The signals were
mass measured against an internal lock mass reference of perfluorotributylamine (PFTBA)
for EI-GCMS, and leucine enkephalin for ESI-LCMS. Waters software calibrates the
instruments, and reports measurements, by use of neutral atomic masses. The mass of the
electron is not included. All dilutions were performed using appropriate class A volumetric
glassware. Elemental analyses were performed on a Costech ECS 4010 analyzer, or by
Midwest Microlabs (Indianapolis, IN).
Materials. All materials were purchased directly from commercial sources and
used without further purification, unless otherwise noted. Tetrahydrofuran, diethyl ether,
benzene, toluene, dichloromethane, hexanes, pentane, and acetonitrile were purchased
from Fisher Scientific. All solvents were sparged with dry argon for 30 minutes and dried
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using a commercial two-column solvent purification system comprising columns packed
with Q5 reactant and neutral alumina, respectively (benzene, dichloromethane, hexanes,
pentane, acetonitrile), or two columns of neutral alumina (THF, Et 2O). NMR solvents were
purchased Cambridge Isotope Laboratories, Inc. and stored over 4-Å molecular sieves prior
to use. The RECl3 salts were purchased from Strem and dried under reduced pressure at
150 ºC prior to use. RE[N(SiMe3)2]319 and 1-nitrosoadamantane20 were synthesized
according to literature procedures.
Inductively Coupled Plasma Optical Emission Spectroscopy Measurements.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were
performed using a Spectro Genesis ICP-OES spectrometer (SPECTRO Analytical
Instruments GmbH, Kleve, Germany) equipped with an integrated three channel peristaltic
pump and an ASX-260 auto-sampler (CETAC Technologies, Omaha, NE, USA). Samples
solutions were delivered to the nebulizer using a Mod Lichte spray chamber and single-use
PVC PT-2140PF tubing (Precision Glassblowing, Centennial, CO, USA). Each data
acquisition was preceded by a 35 second rinse sequence at different pump speeds. Other
relevant parameters were previously optimized to give the smallest RSD and are
summarized in Table 2.7.1. Analytical plasma standard solutions were obtained from AlfaAesar (Specpure®, 1000 ppm of RE 2O3 in 5% HNO3). Calibrations were performed before
every set of experiments using a range of 7 standardized solutions (0-125 ppm). Calibration
curves were confirmed to have R2 > 0.999 for the selected elements. The following
wavelengths (nm) were used for element quantifications and reviewed for absence of
interferences: 333.749 (La), 364.540 (Dy), 430.358 (Nd) and were consistent with
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literature recommendations. Potential instrumental drift was monitored by continuously
measuring Ar lines at 430.010 and 404.442 nm, and confirmed by analysis of a standard
solution every 30 samples and verifying the metal concentration remained constant.
Instrument Conditions
Forward Power (W)
1350
Plasma gas flow rate (L min -1)
13.50
Auxiliary gas flow rate (L min -1) 1.00
Nebulizer Flow Rate (L min -1)
0.90
La 333.749
Wavelengths (nm)
Nd 430.358
Dy 364.540
Table 2.7.1. Instrumental and operational conditions for ICP-OES measurements.

Separation experiment samples were prepared by digestion of 5-8 mg of analyte in
2 mL of freshly prepared 4:1 HNO 3 (Fisher, Certified ACS Plus grade)/H 2O2 (Fisher, 30%
solution in water) mixture at 100 C for 30 minutes, followed by dilution with 10 mL
MilliQ water to a concentration of ca. 5% HNO 3. CAUTION: This digestion procedure is
extremely oxidizing, releases NO x gases, and should only be performed in a wellventilated, hooded area while wearing appropriate personal protective equipment (PPE).
X-Ray Crystallography. X-ray intensity data were collected on a Bruker
APEXII21 CCD area detector or a Bruker APEXIII22 D8QUEST CMOS area detector, both
employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 100(1) K.
Rotation frames were integrated using SAINT 23, producing a listing of unaveraged F2 and
σ(F2) values which were then passed to the SHELXT program package 24 for further
processing and structure solution. The intensity data were corrected for Lorentz and
polarization effects and for absorption using SADABS or TWINABS. 25 Refinement was
performed by full-matrix least squares based on F2 using SHELXL2014. 24 All of the
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reflections were used during refinement. Non-hydrogen atoms were refined anisotropically
and hydrogen atoms were refined using a riding model. Structures not previously published
were deposited in the Cambridge Crystallographic Data Centre with the following
deposition numbers: 2024464-2024467, 2024470-2024472.
Percent Buried Volume Calculations (%V bur). Percent buried volume (%V bur)
calculations were performed starting from solid state structures determined by single
crystal X-ray diffraction analysis following literature guidelines. 26 Hydrogen atoms were
included with bond radii scaled by 1.17 to not overemphasize impact of H atoms. A sphere
radius of 3.5 Å and 0.10 mesh spacing for numerical integration were used in the
calculation.
Analysis of Rare Earth Separations Experiments. The RE content of the solid
and filtrate portions was analyzed by ICP-OES. All separation experiments were performed
in triplicate and the results reported as the average of the three trials ± one standard
deviation. Separation factors were calculated as the ratio of d istribution coefficients
between REs using data obtained from ICP-OES analysis27 (D = distribution coefficient,
SF = separation factor, EF = enrichment factor, n = moles):

DRE =

[RE] solid
[RE]filtrate

[RE2] solid
DRE2 [RE2]filtrate [RE2] solid [RE1]filtrate
SFRE2/RE1 =
=
=
×
DRE1 [RE1]solid [RE2]filtrate [RE1]solid
[RE1]filtrate

(2.1)

(2.2)
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EFfiltrate =
EFsolid =

n RE1, filtrate
n RE2, filtrate

(2.3)

n RE2, solid
n RE1, solid

(2.4)

Note: Enrichment factors were calculated in the precipitation-based separation method as
a metric for the purity of the RE of interest within a single phase.
Water-Stability Titration Studies. Water-stability studies of 2.4-Nd and 2.4-Dy
were performed in standard capped NMR tubes. Initial samples were prepared in the
drybox using ~10 mg (~0.01 mmol) purified complexes dissolved in dry d 5-pyridine. A 1H
NMR spectrum was collected prior to exposure to ambient atmosphere and addition of
water. Water was added in aliquots using a microsyringe. After each addition, the NMR
tube was capped and inverted, then allowed to sit at room temperature for 20 minutes to
ensure complete mixing and equilibration prior to collection of the subsequent 1H NMR
spectrum.
Tris–(2–lithiobenzyl)amine tetrakis(THF) (2.1). To a colorless solution of tris–(2–
bromobenzyl)amine (6.03 g, 114.4 mmol, 1.00 equiv) in THF (20 mL) was added
butyllithium solution (1.6 M in hexanes, 24 mL, 38.4 mmol) dropwise via syringe with
stirring at –78 ºC. The mixture was stirred for 3 h. After removal of solvent via cannula
filtration, the white solid was washed with hexanes (4

40 mL). The solid was dried at

room temperature for 4 h under reduced pressure to yield white powder (6.22 g, 91%).
Single crystals suitable for X-ray analysis were grown by storing a concentrated THF
solution of 2.1 at –25 ºC. 1H NMR (300MHz, d 8-toluene): 7.85 (d, 3H, J = 6 Hz, Ar),
7.18 (d, 3H, J = 6 Hz, Ar), 7.10 (dd, 3H, J1 = J2 = 6 Hz, Ar), 6.97 (dd, 3H, J1 = J2 = 6 Hz,
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Ar), 4.14 (s, 6H, -CH2-), 3.19 (t, 16H, J = 9 Hz, THF), 1.27 (t, 16H, J = 9 Hz, THF). 7Li
NMR (400 MHz, d 8-toluene): 2.49 (s). Anal. calcd for C37H50Li3NO4 [2.1]: C 74.80; H
8.52; N 2.39. Found: C 74.86; H 8.49; N 2.36.
tris(2-adamantylhydroxylaminato)benzylamine (H3TriNOx Ad, H32.2). To a colorless
solution of tris(2-bromobenzyl)amine (3.00 g, 5.7 mmol) in THF (15 mL) was added
butyllithium solution (1.6 M in hexanes, 11.8 mL, 18.9 mmol) dropwise via syringe with
stirring at –78 C. The mixture was stirred for 3 h. A solution of adamantyl nitroso (3.78
g, 22.9 mmol) in THF (50 mL) was then added dropwise over 10 minutes. The reaction
mixture was allowed to warm to room temperature and stir for 3 hours. The reaction was
quenched with degassed NH4Cl (aq) (50 mL), extracted with Et2O (3 50 mL) via cannula.
The combined organic portions were dried with MgSO 4, filtered via cannula, then dried for
6 hours under reduced pressure. The crude product was crystallized from a mixture of
CH2Cl2/hexanes at –25 C as a white solid (1.48 g, 33%). Single crystals suitable for Xray analysis were obtained by layering a concentrated solution of H32.2 in CH2Cl2 with
hexanes and storing at –25 C. 1H NMR (500MHz, CDCl3):

7.95 (br s, 3H, OH), 7.48

(dd, 3H, J1 = 8 Hz, J2 = 2 Hz, Ar), 7.30 (dd, 3H, J1 = 8 Hz, J2 = 2 Hz, Ar), 7.23 (td, 3H, J1
= 8 Hz, J2 = 5 Hz, Ar), 7.11 (td, 3H, J1 = 8 Hz, J2 = 2 Hz), 3.69 (br s, 6H, -CH2-), 1.90 (s,
9H, Ad), 1.52 (s, 3H, Ad), 1.50 (s, 6H, Ad), 1.44 (br s, 27H, Ad). 13C{1H} NMR (126MHz,
CDCl3):

148.59, 134.96, 132.16, 128.68, 127.45, 125.45, 60.05, 56.56, 38.61, 36.72,

29.61. ESI- MS m/z calc. for C51H67N4O3 (M+H)+: 783.5213, found 783.5218.
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Nd(TriNOx Ad ) (2.2-Nd). To a stirring solution of H32.2 (0.075 g, 0.1 mmol) in THF (4
mL) was added Nd[N(SiMe3)2]3 (0.060 g, 0.1 mmol) as a solution in THF (2 mL). The
reaction solution was stirred for 3 h at room temperature, then volatiles removed in vacuo.
The residue was washed with hexanes (3

2 mL) to yield a pale blue powder (0.073 g,

82%). Single crystals suitable for X-ray analysis were obtained by precipitation from a
concentrated solution of 2.2-Nd in CHCl3 at –25 C. 1H NMR (300MHz, CDCl3): 19.72
(br s, 3H), 11.88 (br s, 9H), 10.60 (br s, 3H), 7.11 (br s, 3H), 7.06 (br s, 9H), 4.87 (br s,
9H), 4.35 (br s, 9H), 3.74 (br s, 9H), 0.43 (br s, 3H), –11.99 (br s, 3H), –16.87 (br s, 3H).
Anal. calcd for C51H63N4NdO3 [2.2-Nd•4 H2O]: C, 61.48; H, 7.18; N, 5.62. Found: C,
61.25; H, 6.74; N, 5.52.
Dy(TriNOx Ad ) (2.2-Dy). To a stirring solution of H32.2 (0.075 g, 0.1 mmol) in THF (4
mL) was added Dy[N(SiMe 3)2]3 (0.062 g, 0.1 mmol) as a solution in THF (2 mL). The
reaction solution was stirred for 3 h at room temperature, then volatiles removed in vacuo.
The residue was washed with hexanes (3

2 mL) to yield a white powder (0.070 g, 78%).

Single crystals suitable for X-ray analysis could not be obtained. 1H NMR (300MHz,
CDCl3): 133.58 (br s, 1H), 117.48 (br s, 3H), 69.19 (br s, 3H), 44.78 (br s, 3H), 36.22 (br
s, 9H), 33.04 (br s, 9H), 27.32 (br s, 9H), 3.72 (br s, 10H), 1.89 (br s, 6H), –64.86 (br s,
2H), –229.29 (br s, 3H), –234.92 (br s, 3H). Anal. calcd for C55H72DyN4O3 [2.2-Dy•0.5
hexane]: C, 65.80; H, 7.16; N, 5.68. Found: C, 66.14; H, 7.32; N, 6.05.
tris–(2–nitrobenzyl)amine. 2–nitrobenzyl chloride (10.0 g, 116 mmol), acetaldehyde
ammonia trimer trihydrate (2.37 g, 12.9 mmol), potassium iodide (19.3 g, 116 mmol), and
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potassium carbonate (16.1 g, 116 mmol) were refluxed in CH 3CN (500 mL) at 90 ºC for
16 h, then cooled to room temperature. Volatiles were removed under reduced pressure,
then the residue suspended in water and extracted with CH 2Cl2. The organic portion was
dried over MgSO4, filtered, then evaporated. The crude product was crystallized from
CH2Cl2/Et2O (1:3) to yield tris–(2–nitrobenzyl)amine as brown needs (15.5 g, 91%). The
NMR spectra were consistent with literature reports: 1H NMR (300MHz, CDCl3):

7.79

(d, J = 6 Hz , 3H), 7.58 (t, J = 6 Hz, 3H), 7.53 (t, J = 6 Hz, 3H), 7.35 (t, J = 9 Hz, 3H), 3.94
(s, 6H).
tris–(2–aminobenzyl)amine. Tris–(2–nitrobenzyl)amine (3.9 g, 9.0 mmol), 10%
palladium on carbon (0.45 g), and hydrazine hydrate (5.4 g, 108 mmol) were refluxed in
EtOH (115 mL) at 90 ºC for 7 hours. The reaction mixture was cooled to room temperature,
filtered through celite, and solvent evaporated. The solid was washed with Et 2O to yield
tris(2-aminobenzyl)amine as a white solid (1.31 g, 44%). The NMR spectra were consistent
with literature reports: 1H NMR (300MHz, CDCl3): 7.05–7.10 (m, 6H), 6.68 (t, J = 6 Hz,
3H), 6.58 (d, J = 9 Hz, 3H), 3.99 (br s, 6H), 3.49 (s, 6H).
tris–(2–pivaloylamidobenzyl)amine (H 3TriNCOtBu , H32.3). To a solution of tris(2aminobenzyl)amine (1.30 g, 3.9 mmol) and triethylamine (1.65 g, 13.7 mmol) in dry
CH2Cl2 under N2 at 0 ºC was added dropwise pivaloyl chloride (1.38 g, 13.7 mmol. The
reaction mixture was allowed to warm to room temperature as the ice bath melted while
stirring for 24 hours. The reaction mixture was quenched with H 2O (50 mL) at 0 ºC, then
the layers were separated and the organic portion washed H 2O (3 × 100 mL), dried over
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MgSO4, filtered, then solvent evaporated to yield H32.3 as a white solid (2.16 g, 94%).
Single crystals suitable for X-ray analysis were obtained by slow evaporation of a
concentrated CH2Cl2 solution. 1H NMR (300MHz, CDCl3): 7.96 (br s, 3H), 7.61 (d, J =
6 Hz, 3H), 7.24–7.33 (m, 6H), 7.12–7.17 (m, 3H), 3.72 (s, 6H), 1.14 (s, 27H). ESI-MS m/z
calc. for C36H48N4O3 (M+H)+: 585.3805, found 585.3802.

Figure 2.7.1. Thermal ellipsoid plot of H 32.3 at the 50% probability level. Hydrogen atoms not participating
in H-bonding removed and tBu groups depicted in wireframe for clarity.

[Nd(TriNCOtBu )]2 ([2.3-Nd]2). To a stirring suspension of H32.3 (0.050 g, 0.085 mmol)
in Et2O (4 mL) was added Nd[N(SiMe3)2]3 (0.053 g, 0.085 mmol) as a solution in THF (2
mL). After 16 h, the crude reaction mixture was filtered then the filtrate evaporated to
yield an off-white powder (0.054 g, 87% crude yield). Single crystals suitable for X-ray
analysis were obtained by slow evaporation of Et 2O from a solution of [2.3-Nd]2 at –25
C. 1H NMR (300MHz, C6D6): 8.52–7.78 (broad overlapped, 8H), 4.19 (br s, 2H), 3.52
(s, 1H), 1.54–0.93 (broad overlapped, 18H) –6.87 (br s, 2H), –9.02 (br s, 1H), –11.70 (br
s, 1H). Analytically pure materials could not be obtained for elemental analysis.
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[Dy(TriNCOtBu )]2 ([2.3-Dy)]2). To a stirring suspension of H32.3 (0.050 g, 0.085 mmol)
in Et2O (4 mL) was added Dy[N(SiMe3)2]3 (0.055 g, 0.085 mmol) as a solution in THF (2
mL). After 16 h, the crude reaction mixture was filtered then the filtrate evaporated to
yield an off-white powder (0.053 g, 84% crude yield).. Single crystals suitable for X-ray
analysis could not be obtained for this species. 1H NMR (300MHz, C6D6): 203.68 (s, 2H),
198.77 (s, 1H), 82.37 (s, 1H), 42.04 (s, 2H), 8.25 (s, 2H), 4.00 (s, 2H), 1.55 –0.87 (br m,
12H), –166.68 (s, 1H), –171.69 (s, 1H). Analytically pure materials could not be obtained
for elemental analysis.
tris–(2–trifluoromethylamidobenzyl)amine (H3TriNCOCF3, H32.4). To a solution of
tris–(2–aminobenzyl)amine (2.00 g, 6.02 mmol) and triethylamine (3 mL) in dry CH2Cl2
under N2 at 0 ºC was added dropwise trifluoroacetic anhydride (4.17 g, 19.85 mmol) as a
solution in dry CH2Cl2 (4 mL). The reaction mixture was allowed to slowly warm to room
temperature while stirring for 16 hours. The reaction mixture was quenched with H 2O (100
mL), then extracted with CH2Cl2 (2 × 50 mL). The organic portion was washed sequentially
with brine (2 × 100 mL) and H 2O (3 × 100 mL), dried over MgSO4, filtered, then solvent
evaporated. The residue was dissolved in hot CH 2Cl2/hexanes (1:1) and allowed to
precipitate at low temperature. The resulting solid was filtered and washed with hexanes
(3 × 5 mL) to yield H32.4 as a white solid (1.54 g, 41%). Single crystals suitable for X-ray
analysis were grown by slow evaporation of a concentrated CH 2Cl2 solution at low
temperature. 1H NMR (300MHz, CDCl3): 8.69 (br s, 3H), 7.65 (d, J = 6 Hz, 3H), 7.27–
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7.39 (m, 9H), 3.65 (s, 6H). 19F NMR (300MHz, CDCl3):

–75.51 (s), ESI-MS m/z calc.

for C27H22F9N4O3 (M+H)+: 621.1548, found 621.1537.

Figure 2.7.2. Thermal ellipsoid plot of H 32.4 at the 50% probability level. Hydrogen atoms not participating
in H-bonding removed for clarity.

La(TriNCO CF3) (2.4-La). To a stirring solution of H32.4 (0.10 g, 0.16 mmol) in THF (2
mL) was added La[N(SiMe3)2]3 (0.099 g, 0.16 mmol) as a solution in THF (2 mL). The
reaction was stirred for 4 h, then volatiles removed in vacuo. The solid was washed with
hexanes (3 × 2 mL), then dried in vacuo to yield 2.4-La as an off-white solid (0.091 g,
75%). Single crystals suitable for X-ray analysis could not be obtained for this species. 1H
NMR (300MHz, d 5–pyr): 7.39 (d, 3JHH = 6 Hz, 3H), 7.30 (t, 3JHH = 6 Hz, 3H), 7.11 (t,
3J

HH

= 6 Hz, 3H), 6.99 (d, 3JHH = 6 Hz, 3H), 4.19 (d, 3JHH = 9 Hz, 3H), 2.76 (d, 3JHH = 9
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Hz, 3H).

19F

NMR (300MHz, d 5–pyr): –68.59. Anal. calcd for C27H18F9N4NdO3 [2.4-

La•THF•pyr]: C, 47.64; H, 3.44; N, 7.72. Found: C, 47.15; H, 3.86; N, 7.55.
La 6(TriNCOCF3)4(OH)2(O)2(CH3CN)2 (2.5). 2.4-La (~5 mg, ~7 mol) was dissolved in
CD3CN (~0.75 mL) in the drybox, then transferred to a standard NMR tube and capped,
The 1H and 19F NMR spectra were collected immediately upon removal of the sample from
the drybox. Single crystals suitable for X-ray analysis were obtained by allowing the NMR
solvent to slowly evaporate on the benchtop. 2.5 could not be deliberately synthesized
reliably. 1H NMR (300MHz, CD3CN): 7.26 (q, 3JHH = 6 Hz, 12H), 7.14 (t, 3JHH = 6 Hz,
4H), 7.04 (t, 3JHH = 6 Hz, 6H), 6.88 (d, 3JHH = 6 Hz, 8H). 19F NMR (300MHz, CD3CN):
–63.23 (s), –68.10 (s), –69.36 (br s), –70.64 (s), –70.87 (s).
Nd(TriNCO CF3) (2.4-Nd). To a stirring solution of H32.4 (0.10 g, 0.16 mmol) in THF (2
mL) was added Nd[N(SiMe3)2]3 (0.10 g, 0.16 mmol) as a solution in THF (2 mL). The
reaction was stirred for 4 h, then volatiles removed in vacuo. The solid was washed with
hexanes (3 × 2 mL), then dried in vacuo to yield 2.4-Nd as an off-white solid (0.090 g,
74%). Single crystals suitable for X-ray analysis could not be obtained for this species. 1H
NMR (300MHz, d 5–pyr): 12.84 (br s, 3H), 9.00 (br s, 3H), 5.74 (br s, 3H), 4.81 (br s,
3H), –3.76 (br s, 3H), –4.53 (br s, 3H). 19F NMR (300MHz, d 5–pyr): –68.46. Anal. calcd
for C27H18F9N4NdO3 [2.4-Nd•0.75pyr]: C, 44.99; H, 2.67; N, 8.10. Found: C, 45.05; H,
2.68; N, 7.83.
Dy(TriNCO CF3) (2.4•Dy). To a stirring solution of 2.4 (0.10 g, 0.16 mmol) in THF (2 mL)
was added Dy[N(SiMe3)2]3 (0.104 g, 0.16 mmol) as a solution in THF (2 mL). The reaction
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was stirred for 4 h, then volatiles removed in vacuo. The solid was washed with hexanes
(3 × 2 mL), then dried in vacuo to yield 2.4•Dy as an off-white solid (0.089 g, 71%). Single
crystals suitable for X-ray analysis could not be obtained for this species. 1H NMR
(300MHz, d 5–pyr): 138.23 (br s, 1H), 29.62 (br s, 3H), 18.08 (br s, 1H), –4.32 (s, 1H), –
42.26 (br s, 3H), –46.52 (br s, 1H), –100.15 (br s, 1H), –102.78 (br s, 3H), –151.70 (br s,
1H), –157.84 (br s, 3H), –198.48 (br s, 1H), –200.08 (br s, 3H). 19F NMR (300MHz, d 5–
pyr):

–5.85. Anal. calcd for C29H22DyF9N4O4.5 [2.4-Dy•0.5 THF]: C, 42.69 H, 2.72; N,

6.87. Found: C, 43.14; H, 3.16; N, 7.39.
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Figure 2.7.3. 1H NMR spectrum of 2.1 in d 8–toluene.

Figure 2.7.4. 7Li NMR of 2.1 in d 8–toluene.
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Figure 2.7.5. Variable temperature 7Li NMR of 2.1 in d 8–toluene at 300 K (a) and 193 K (b).

Figure 2.7.6. 1H NMR of H 32.2 in CDCl3.
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Figure 2.7.7. 13C{1H} NMR of H 32.2 in CDCl3.

Figure 2.7.8. 1H NMR of 2.2-Nd in CDCl3.
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Figure 2.7.9. 1H NMR of 2.2-Dy in CDCl3.

Figure 2.7.10. 1H NMR of tris–(2–nitrobenzyl)amine in CDCl3.
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Figure 2.7.11. 1H NMR of tris–(2–aminobenzyl)amine in CDCl3.

Figure 2.7.12. 1H NMR of [2.3-Nd]2 in C6D6.
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Figure 2.7.13. 1H NMR of [2.3-Dy]2 in C6D6.

Figure 2.7.14. 1H NMR of H 32.4 in CDCl3.
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Figure 2.7.15. 19F NMR of H 32.4 in CDCl3.

Figure 2.7.16. 1H NMR of 2.4-La in d 5–pyr.
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Figure 2.7.17. 19F NMR of 2.4-La in d 5–pyr.

Figure 2.7.18. 1H and 19F NMR spectra of 2.4-La in CD3CN; leading to isolation of 2.5.
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Figure 2.7.19. 1H NMR of 2.4-Nd in d 5–pyr.

Figure 2.7.20. 19F NMR of 2.4-Nd in d 5–pyr.
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Figure 2.7.21. 1H and 19F NMR spectra of crude reaction mixture of 2.4-Nd in h 8–THF.

Figure 2.7.22. 1H NMR monitoring in d 5–pyr of 2.4-Nd with H 2O.
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Figure 2.7.23. 1H NMR of 2.4-Dy in d 5–pyr.

Figure 2.7.24. 19F NMR of 2.4-Dy in d 5–pyr.
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Figure 2.7.25. 1H NMR monitoring in d 5–pyridine of 2.4-Dy with H 2O.
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CHAPTER 3: High-throughput screening for discovery of benchtop
separations systems for selected rare earth elements

3.1

Abstract
Rare earth elements (La-Lu, Sc and Y) are critical for their role in sustainable

energy technologies. Problems with their supply chain have motivated new research to
improve separations methods to recycle these elements from end of life technology.
Toward this goal, we report the synthesis and characterization of the proligand tris[(1hydroxy-2-oxo-1,2-dihydropyridine-3-carboxamido)ethyl]ammonium

trifluoroacetate,

H33.1•TFA, and complexes 3.1-RE (RE = La, Nd, Dy). A high-throughput
experimentation (HTE) screen was developed to quantitatively determine the precipitation
of 3.1-RE as a function of pH as well as numbers of equivalents of H33.1•TFA. This
method rapidly determines optimal conditions f or the separation of RE mixtures, while
minimizing materials consumption. The HTE-predicted conditions were used to achieve
lab-scale separations of Nd/Dy (SFNd/Dy = 213 ± 34) and La/Nd (SFLa/Nd = 16.2 ± 0.2)
mixtures in acidic aqueous media.

Adapted with permission from Commun. Chem. 2020, 3, 7.
doi.org/10.1038/s42004-019-0253-x. Copyright 2020, Springer Nature.
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3.2

Introduction
Clean energy technology is increasingly reliant on rare earth elements (La-Lu, Sc

and Y). For example, rare earth elements are critical components of hybrid car batteries,
lighting phosphors, and permanent magnets. 1-3 For these applications, precise blends of
individual rare earths are often required. In recent years, volatility in the global rare earths
market4-6 has directed attention toward new methods to recycle them from waste electronic
and electrical equipment (WEEE), since recycling currently represents only a small
fraction of the supply chain for these elements.2, 7-9
Rare earth separations are performed industrially using countercurrent solvent
extraction. This method requires large volumes of solvents; due to relatively dilute
operating conditions (20 ppm ~ 0.1 M RE). 10-12 Opportunities remain to improve selectivity
for individual rare earths over a single extraction and stripping step. Toward these goals,
researchers have developed novel ligands,13 ionic liquids,14-15 and extractants. 16-18 These
findings are potentially compatible with existing countercurrent solvent extraction
technology. However, the investment required for countercurrent extraction is a barrier to
recycling rare earths from WEEE, and is only economically viable if the price of their
oxides remains high. 19 Thus, there is a clear need for alternative rare earth recycling
methods to countercurrent solvent extraction. Selective precipitation of individual elements
from mixtures, isolated with a simple filtration step, could address this need. Such goals
are especially pertinent to the binary mixtures of rare earths used in technology. Mixtures
of La/Nd are a component of nickel metal hydride batteries, and Nd/Dy mixtures are used
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in permanent magnets.7 Recent advances in separating rare earth mixtures have been
accomplished through

photochemical reduction,20

selective

crystallization,21-22

chromatographic separations,23-24 and the use of supported liquid membranes. 25-26
High−throughput experimentation (HTE) refers to running multiple reactions in
parallel for discovery and/or optimization.27 Such methods have been used extensively in
catalysis to rapidly screen reaction conditions (e.g., metal ion, ligand, solvent) and require
a fraction of the time and materials resources necessary for lab −scale methods. 28-30 HTE
methods have been used to assess drug and protein solubility in aqueous media 31-32, and to
determine conditions for precipitation or protein crystallization. 33-34 However, HTE
methods have not been used to screen potential rare earth separations conditions.
Our group previously reported a chelating tris-hydroxylamine proligand (N[(2‐
tBuNOH)C

6H4CH2]3)

(H3TriNOx), which demonstrated high separation factors over a

single leaching step for pairs of REs (SFNd/Dy ~300, SFLa/Nd ~10).35-38 From a practical
standpoint, the hydroxylamine moieties required the use of strong bases —conditions
incompatible with water—to coordinate the rare earth cations. Another issue was the
human and environmental toxicity of the organic solvents used (benzene, toluene, or nhexane) in that system. To address these limitations, we set out to develop a water-soluble
and -stable ligand framework that would deliver comparable separations performance to
H3TriNOx. Taking inspiration from the Raymond group’s use of the hydroxypyridone
motif (HOPO); due to its high affinity for rare earths in aqueous conditions,39-42 stability
under acidic conditions and biological applications,43-46 we synthesized the novel proligand
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HN[(NHC(O)(1-HO-2-(O)-C5H3N)C2H4]3•O(O)CCF3,

H3tren-1,2,3-HOPO•TFA

(H33.1•TFA). We hypothesized that exchanging the positions of the hydroxyl and carbonyl
moieties would maintain the high affinity of HOPO- derivates for REs while allowing for
bridging interactions (i.e., formation of dimeric species) that were critical for the
separations selectivity of our H 3TriNOx system. 35-38

tBu
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Figure 3.2.1. H 3TriNOx ligand developed by the Schelter group previously,36 HOPO-based ligand developed
by the Raymond group,40 and ligand developed in this work.

Herein, we describe the synthesis and characterization of H 33.1•TFA, its related RE
complexes (RE = La, Nd, Dy), and its application in the separation of binary mixtures of
REs through selective precipitation from aqueous media. To enable this effort, we have
developed a

high

throughput experimentation (HTE)

screen

to

optimize

precipitation−based, aqueous, RE separations.

3.3

Results and Discussion
Synthesis of Ligand and Complexes. The new proligand, H3tren-1,2,3-HOPO

(H33.1•TFA), was synthesized in good yield (56%) from 1-hydroxy-2-oxo-1,2dihydropyridine-3-carboxylic acid and tris(2-aminoethyl)amine (tren) and isolated as a
trifluoroacetic acid (TFA) salt (Scheme 3.3.1). Importantly, H33.1•TFA was synthesized
without any protection/deprotection steps commonly used in the synthesis of HOPO-based
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ligands, which improved atom economy and minimized the total number of steps
required.47 The proligand, H33.1•TFA, has limited stability in saturated aqueous Na 2CO3
solution (<24 h), but is stable for >4 months in 2 M HCl solutions, and indefinitely as a
solid.

Scheme 3.3.1. Synthesis of H 33.1•TFA and 3.1-RE.

The complexes, 3.1-RE (RE = La, Nd, Dy), were synthesized by stirring a solution
of RECl3•nH2O with one equiv of H33.1•TFA in H2O for 3 h without addition of base, in
isolated yields of 74%, 75%, and 74%, respectively. The 1H NMR spectra taken in d 6DMSO demonstrated the complexes to be C3v-symmetric in solution, likely due to the
lability of coordinated solvent molecules in solution allowing for an average C3v-symmetric
geometry. X-ray diffraction analysis of crystals grown by vapor diffusion of H 2O into
concentrated dimethylformamide (DMF) solutions revealed nearly isostructural motifs for
the three RE complexes. The lanthanide cations were 8-coordinate, including being bound
to all 6 oxygen atoms of the hydroxypyridonate rings. The inner coordination sphere in the
solid state included an apical DMF molecule and an equatorial water molecule (Figure
3.3.1). This coordination mode allowed for the formation of 1-D chains through H–bonding
of the coordinated water molecules. Intramolecular H–bonding was also observed between
the amide N-H protons, and the carbonyl oxygen atom of the hydroxypyridonate rings.
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Figure 3.3.1. Thermal ellipsoid plots at the 50% probability level of H 33.1•TFA (a), 3.1-La(DMF)(H2O) (b),
3.1-Nd(DMF)(H 2O) (c), 3.1-Dy (DMF)(H 2O) (d), and crystal packing of 3.1-La(DMF)(H2O) (e).

While the solid-state structures of all 3.1-RE complexes were similar, there was a
marked dependence on the solution pH for the precipitations of the individual complexes.
This observation would ultimately prompt investigation into use of H 33.1•TFA as a
material for the separation of RE mixtures in acidic media. For example, precipitation when
RE = Nd, Dy from 1 M HCl could be achieved, but no precipitation was observed for La.
The differences in precipitation behavior may be due to differences in the pKa values of
the presumably tertiary ammonium of the ligand backbone in the chelation of REs.40
Infrared spectroscopy data of the solid and filtrate portions from Nd/Dy separations
mixtures performed in 1.5 M HCl revealed a broad feature spanning the 3200-3500 cm-1
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range attributed to a tertiary ammonium N-H stretch not present in 3.1-RE, proligand
H33.1, or the RECl3 starting materials, and likely originating from a species of the general
form [3.1-RE]+H+ (Figure 3.6.13, Figure 3.6.14).
The complexes 3.1-La, 3.1-Nd, and 3.1-Dy were found to be well soluble in
DMSO and DMF, but insoluble in most other organic solvents including THF, CH 2Cl2,
CHCl3, Et2O, hexanes, and CH 3CN. However, 3.1-Dy was found to be partially soluble in
MeOH and pyridine, where 3.1-La and 3.1-Nd were found to be completely insoluble. This
observation prompted investigating MeOH and pyridine as ex tractants to separate
technologically relevant Nd/Dy mixtures.
Organic Solvent Extraction Experiments. Liquid-solid extractions could be
performed in two steps: the synthesis of the metal complexes and the selective extraction
of one species into solution. The complexes 3.1-Nd and 3.1-Dy exhibited negligible
solubility in organic solvents, while 3.1-Dy was partially soluble in MeOH and pyridine.
These solvents were used to selectively extract 3.1-Dy from solid mixtures of 3.1-Nd and
3.1-Dy. The complexes were first synthesized by mixing a 1:1 ratio of NdCl 3 with DyCl3
in water followed by the addition of two equivalents of H 33.1•TFA. After stirring for three
h, the solid was collected by filtration and suspended in a selected organic solvent. The
solid was then filtered to yield the RE−enriched complexes. The results of these
experiments are summarized in Table 3.3.1. The separations factors achieved by extraction
of 3.1-Dy using MeOH or pyridine were poor (SFNd/Dy < 15), indicating selective extraction
with organic solvents was not a viable method for separating these complexes. Notably,
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the solid enrichment factors (EFsolid) for two sets of conditions were < 1. This indicated
that the solid portion contained more Dy than Nd, and suggested a separation of these
elements taking place during the initial synthesis of 3.1-Nd and 3.1-Dy. This result,
combined with the dependence on the solution pH for the precipitations of the individual
complexes, prompted investigation into the use of H 33.1•TFA to separate mixtures of REs
through the selective precipitation of 3.1-RE by adjusting the solution pH.

Entry

Solvent

Time (h)

EFsolid

EFfiltrate

SFNd/Dy

1

MeOH

0.5

1.42

10.13

14.29

2

MeOH

1

0.95

13.00

12.36

3

Pyridine

1

0.12

11.22

1.36

EF = enrichment factor. SF = separations factor.
Table 3.3.1. Conditions for the separation of Nd and Dy using H 33.1•TFA in organic solvents.

High-Throughput Experimentation. HTE methods allow for the rapid screening
of multiple reaction variables while minimizing resource consumption. 28 Here, we were
interested in developing an assay to quantify the precipitation of 3.1-RE as a function of
pH. We were particularly interested in determining the conditions with the largest
difference in precipitation among REs. These conditions would indicate the greatest
potential separation of RE mixtures for this system.
Precipitation experiments were performed in 96-well plates at 0.10, 0.25, 0.50,
1.00, 1.50, 2.00 M HCl with 1.0, 1.5, and 2.0 equivalents of H33.1•TFA to RECl3 (RE =
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La, Nd, Dy) (Figure 3.3.2). The effect of chloride concentration was also investigated
using 1.0 equivalent of H33.1•TFA using 1.00M KCl (aq) as a solvent. This provided 19
different reaction conditions for each individual RE. The reaction mixtures were agitated
in well plates for 24 h, then filtered in parallel using filter plates. The filtrates were analyzed
for RE-content using inductively-coupled plasma optical emission spectroscopy (ICPOES), and yields calculated from these values. The results of the assay are summarized in
Figure 3.3.2c.
The amount of RE complex precipitated decreased with increasing HCl
concentration ranging from 0.10 M to 2.00 M. Using 1.00 M KCl (aq) as the solvent
resulted in similar precipitation results as 0.10 M HCl. These results suggested that
precipitation is inhibited by increasing acidity in solution, and that the chloride anion does
not significantly inhibit 3.1-RE formation and precipitation. Increased yields of extracted
RE in the solid portion were observed with increasing equivalents of H33.1•TFA.
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Figure 3.3.2. General schematic for the HTE precipitation screen (top). Image of the precipitation screen
(middle). Results from the HTE precipitation screen. Error bars represent the standard deviation between
three trials (bottom).
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The difference in precipitation behavior among the three RE complexes was
notable. Complex 3.1-La did not precipitate from solution starting at 0.25 M HCl, as
evidenced by a yield of ~0%, where 3.1-Nd and 3.1-Dy precipitated from solutions of 1.00
M HCl and 2.00 M HCl, respectively. These data suggested it should be possible to
selectively precipitate a single RE from a mixture of REs by controlling the pH through
complexation with the ligand.
Separations Experiments Based on HTE. According to the HTE data, the largest
difference in RE precipitation for Nd and Dy occurred at 1.50 M HCl using 2.0 equiv
H33.1•TFA. To validate these conditions for lab scale separations experiments, we first
examined the separation of 1:1 Nd/Dy mixtures using one equi H33.1•TFA. Allowing the
reaction mixture to stir in water for 1 h prior to filtration through a fine porosity , sintered
glass frit resulted in SFNd/Dy = 28.1 ± 0.8 (Table 3.3.2, Entry 1). Repeating the experiment
with 1.0 M HCl as the solvent resulted in SFNd/Dy = 28.9 ± 3.2 (Table 3.3.2, Entry 2), which
is consistent within error to the one used for only water. However, the enrichment factor
of the solid portion for 1.0 M HCl is twice that of water as solvent. This result suggested
that less 3.1-Nd precipitated from solution—as observed in the HTE data—resulting in a
purer solid phase. Using two equiv H33.1•TFA improved the separations achieved in 1.0
M HCl to SFNd/Dy = 46.9 ± 4.9 (Table 3.3.2, Entry 3). Two equiv of H33.1•TFA in 1.5 M
HCl further improved the SFNd/Dy from 1:1 Nd/Dy mixtures to SFNd/Dy = 71.4 ± 8.0 (Table
3.3.2, Entry 4). Together, these preparatory-scale results validated the HTE-predicted
optimal conditions for separations of 1:1 mixtures of Nd/Dy.
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To further optimize the Nd/Dy separations, we investigated the effect of reaction
time and metal concentration. Increasing the reaction time to 3 or 24 h resulted in SFNd/Dy
= 100 ± 6 and 128 ± 21, respectively (Table 3.3.2, Entries 5, 7). The 3 h experiment was
repeated at twice the RE concentration in solution—achieved by eliminating half of the
volume of acid—resulting in SFNd/Dy = 138 ± 29 (Table 3.3.2, Entry 6). The 24 h and
concentrated 3 h separations results were identical, within error. While the separation
factors were equivalent, it is worth noting that the enrichment factors of the solid (EFs) was
halved and the enrichment factor of the filtrate (EFf) was doubled for the shorter, more
concentrated experiment as compared to the 24 h experiment. Increasing the concentration
and allowing the experiment to run for 24 h resulted in the highest separations factor
achieved, SFNd/Dy = 213 ± 34 (Table 3.3.2, Entry 8). From these experiments, 78% of 3.1Dy was recovered in the solid portion, and 88% of the Nd -enriched filtrate could be
recovered, revealing there to be minimal loss of material during the lab scale filtration
process. This result demonstrated the achievement of an effective, efficient separation of
Nd and Dy with minimal quantities of dilute acid followed by only a quick rinse using
minimal quantities of water. By comparison, the industrially relevant 2-ethylhexylmono(2-ethylhexyl) ester phosphonic acid (HEHEHP) and CYANEX® 572, a proprietary
mixture of phosphinic and phosphonic acids 48, delivered calculated separations of SFNd/Dy
= 50 and 69.5, respectively (Table 3.3.3).49 Under the conditions reported, these extractants
required more than double the volume of solvent, as well as an organic phase to achieve
SFNd/Dy values less than a third of that achieved using H33.1•TFA. However, it is worth
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noting that performance of phosphorous-based extractants was highly dependent on the
diluents used, with some reports achieving comparable separations to H33.1•TFA.10-12
Electronic waste contains 1:20 mixtures of Dy/Nd.7 To test the utility of the
optimized separations conditions to such mixtures, a solution containing 1:20:2 Dy/Nd/
H33.1•TFA in 1.50 M HCl was stirred for 24 h. Surprisingly, no precipitation was observed.
Slowly adjusting the acid concentration with 1.0 M NaOH to ~1.25 M HCl resulted in the
formation of a precipitate. The solid was enriched to 24.7 ± 2.9% in dysprosium—a fivefold increase from the starting mixture in one step (Table 3.3.2, Entry 9). The filtrate did
not exhibit significant enrichment in neodymium.
The optimized Nd/Dy separation conditions were applied to La/Nd mixtures. The
largest difference in precipitation from the high-throughput screen was achieved using 0.25
M HCl as the solvent and 2 equivalents H33.1•TFA. This resulted in SFLa/Nd = 16.2 ± 0.2
(Table 3.3.2, Entry 10). This value is greater than the separations achieved by HEHEHP
and CYANEX® 572, SFLa/Nd = 9.0 and 14.6, respectively, which require the use of an
organic diluent, and greater quantities of extractant (Table 3.3.3). Using H33.1•TFA, the
enrichment of the solid was low, EFs = 1.57 ± 0.11, while the enrichment of the filtrate was
much greater, EFf = 10.4 ± 0.7 (Table 3.3.2, Entry 10). Evidently, a significant portion of
lanthanum precipitated, which lowered the observed EFs value and resulted in a good EFf
value. Optimization of reaction times and metal concentrations are expected to further
improve the performance of H33.1•TFA for the separation of La/Nd mixtures.
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Table 3.3.2. Optimization of rare earth separations conditions using H 33.1•TFA.
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1 Dy:1 Nd:1 L
1 Dy: 1 Nd:2 L
1 Dy:1 Nd:2 L
1 Dy:1 Nd:2 L
1 Dy:1 Nd:2 L
1 Dy:1 Nd:2 L
1 Dy:1 Nd:2 L
1 Dy:19 Nd:2 L 1.25 M HCl
1 Nd:1 La:2 L

2
3
4
5
6c
7
8c
9 c,d
10 c

24

24

24

24

3

3

1

1

1

1

Time (h)

EFfiltrate

17.6 ± 0.2

213 ± 34

128 ± 21

138 ± 29

100 ± 6

71.4 ± 8.0

46.9 ± 4.9

28.9 ± 3.2

28.1 ± 0.8

SFRE2/RE1

1.57 ± 0.11 10.4 ± 0.7

16.2 ± 0.2

0.33 ± 0.05 21.1 ± 2.4 6.88 ± 0.36

12.1 ± 1.8

31.6 ± 1.7 4.07 ± 0.87

15.6 ± 2.1 8.93 ± 2.00

31.0 ± 1.2 3.24 ± 0.09

23.8 ± 1.5 3.00 ± 0.26

6.09 ± 0.26 7.70 ± 1.13

15.5 ± 0.9 1.86 ± 0.11

7.47 ± 0.23 3.76 ± 0.23

EFsolid

61.0 ± 1.6

24.7 ± 2.9

92.3 ± 1.1

96.9 ± 0.2

93.9 ± 0.7

96.9 ± 0.1

96.0 ± 0.2

85.9 ± 0.5

93.9 ± 0.3

88.2 ± 0.3

91.2 ± 0.6

95.4 ± 0.5

94.6 ± 0.1

79.9 ± 3.5

89.7 ± 1.9

76.4 ± 0.5

74.9 ± 1.6

88.4 ± 1.5

65.0 ± 1.3

79.0 ± 1.0

Solid (% RE1) Filtrate (% RE2)

Average Distribution/Purity

Reactions were performed at 19.4 mM RE1 under ambient conditions unless otherwise specified. Errors are reported as the standard
deviation between three trials. a L = H33.1•TFA. bEF = enrichment factor; SF = separations factor. c Performed at 39.5 mM RE1.
d
Adjusted from 1.5 M HCl using 1.0 M NaOH.

0.25 M HCl

1.5 M HCl

1.5 M HCl

1.5 M HCl

1.5 M HCl

1.5 M HCl

1.0 M HCl

1.0 M HCl

H2O

1 Dy:1 Nd:1 L

1

Solvent

RE1:RE2:L a

Entry

ICP-OES Resultsb

Metric

HEHEHP

CYANEX® 572

H 33.1•TFA

Reference

49

49

This work

Solvent

HCl/organic diluent

HCl/organic diluent

HCl

Solvent Hazards

corrosive/ flammable,
harmful to environment

corrosive/ flammable,
harmful to environment

corrosive

[RE1] (mM)

20

20

39.5

Equivalents
Extractant

10

10

2

SFLa/Nd

9.0 (10)a

14.6

16.2

SFNd/Dy

50 (200)a

69.5

213

a

Approximate SF achieved using 20 ppm RE in 2% nitric acid, 0.5 M extractant in dodecane. 10
Table 3.3.3. Comparison of industrially relevant extractants with H 33.1•TFA.

Ligand Recovery. Inspired by the ligand-stripping practices commonly employed
in solvent extraction, we were interested in recovering H 33.1 from the purified RE salts for
reuse in additional separations. We found that ~20 mg 3.1-Dy could be dissolved in 0.4
mL 12 M HCl, presumably forming H 33.1•HCl and DyCl3•nH2O in solution. Complete
dissolution of 3.1-Dy could also be achieved using milder conditions, such as 6 M HCl,
though larger quantities of acid were required. Addition of 2.0 mL EtOH resulted in the
formation of a precipitate, which was verified as H33.1 with residual ~12% 3.1-Dy by 1H
NMR analysis. Considering the ligand could be reused for additional Nd/Dy separations,
this minor impurity does not likely pose an operational issue. This stripping step was able
to recover 84% of the ligand and 86% DyCl 3 while using minimal amounts of solvent.

3.4

Conclusions of HTE-Based Separations Using H3 3.1•TFA
H33.1•TFA and its related complexes, 3.1-RE (RE = La, Nd, Dy), were synthesized

in good yields and characterized in solution by 1H NMR spectroscopy and in the solid state
using single crystal X-ray analysis. H33.1•TFA exhibited high stability under acidic
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conditions required for solubilizing RE oxides. The effect of acid concentration and
equivalents of H33.1•TFA on the precipitation of 3.1-RE from solution has been
demonstrated using HTE screening. From this screen, it was found that La and Nd did not
precipitate from solutions at 0.25 M and 1.50 M HCl, respectively, whereas Dy precipitated
from up to 2.00 M HCl solutions. These results provided optimal reaction conditions for
the separation of 1:1 RE mixtures in a single complexation/separation step. This resulted
in SFNd/Dy = 213 ± 34 and SFLa/Nd = 16.2 ± 0.2. This method was also applied to 5% Dy in
Nd mixtures, and enriched the solid to ~25% Dy in a single step. The ligand could be
recovered in 84% yield with only minor residual 3.1-Dy under mild conditions. This system
was found to be comparable to, and in some cases outperform, currently relevant industrial
countercurrent solvent extractants HEHEHP and CYANEX® 572 in terms of separations
achieved in a single step, and total solvent usage. The origin of the selectivity of this system
is potentially due to differences in the pK a value of the tertiary ammonium in the ligand
backbone among the different RE complexes, which results in the formation of species
with differing solubility at varying pHs. Initial IR spectra suggested that the filtrate from
the optimized Nd/Dy separations mixture comprised more complicated speciation than
simple chloride salts. The HTE methodology can easily be applied to other water-soluble
ligands to rapidly screen conditions for the separation of RE mixtures generating minimal
waste.

3.5

Derivatives of H3 3.1•TFA
In an attempt to improve upon the separations achieved using H33.1•TFA, the

tertiary

amine

tris–(2–aminophenyl)amine was

substituted

for

the

tris–(2–
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aminoethyl)amine in the backbone of the ligand. The phenyl groups were expected to
decrease the aqueous solubility of the complexes and increase the achieved separations
factors. The new proligand H3(o-phenyl)-1,2,3-HOPO (H33.2), was synthesized in good
yield (56%) from 1-hydroxy-2-oxo-1,2-dihydropyridine-3-carboxylic acid and tris–(2–
aminophenyl)amine (Scheme 3.5.1). Clean characterization data of H33.2 could not be
obtained due to inseparable impurities, including partially functionalized tris–(2–
aminophenyl)amines and starting materials. Ligand H33.2 proved to be insoluble in
aqueous media, but had improved solubility in organic solvents.

Scheme 3.5.1. Synthesis of H 33.2 and RE[(H 23.2)(H3.2)].

In a similar fashion to [3.1]3–, [3.2]3– was expected to chelate REs in a 1:1 fashion.
The complexes were synthesized by layering a solution of RECl 3•nH2O with a solution
with one equivalent of H 33.2 in MeOH. The 1H NMR spectra in d 6-DMSO revealed what
appeared to be two separate ligand environments (Figure 3.6.17–19). X-ray diffraction
analysis of crystals grown by vapor diffusion of acetone into DMSO solutions of the crude
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La– and Nd–containing mixtures revealed the surprising structural motifs for
La[(H23.2)(H3.2)] and Nd[(H23.2)(H3.2)] with two equivalents of ligand per lanthanide
cation (Figure 3.5.1), consistent with the solution-state speciation observed by NMR
spectroscopy. The RE ions were each 10-coordinate with Hn3.2 binding through five of the
six oxygen atoms from the pyridonate moieties (N–O and C=O). One N–OH functionality
on each ligand is not bound to the RE ion, likely due to the decreased Lewis basicity of the
protonated oxygen atom. A third N–OH functionality, bound to the REs, was H-bonded to
a DMSO molecule. This interaction likely increased the Lewis basicity of the oxygen atom
compared to the other N–OH moieties and favors coordination to the RE ion.

Figure 3.5.1. Thermal ellipsoid plots of La[(H23.2)(H3.2)] (a) and Nd[(H 23.2)(H3.2)] (b)

The complexes RE[(H23.2)(H3.2)] were synthesized in low yield (<50%) with a
similar solubility profile to 3.1-RE. There were several disadvantages with the 3.2
framework when compared to 3.1: difficulty in ligand purification, excess ligand and toxic
organic solvents (such as MeOH) required to synthesize the complexes, and lack of
structural features to distinguish the RE[(H23.2)(H3.2)] complexes to effect any
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meaningful separation. Further studies, including RE separations, were not pursued using
H33.2.

3.6

Experimental Section
General Methods. Reactions were performed under ambient conditions unless

otherwise specified. Reactions performed under inert atmosphere were performed using
standard Schlenk techniques. Related glassware was oven-dried for at least 3 hours at 150
C prior to use. 1H and 13C{1H} NMR spectra were obtained on a Bruker DMX-300 Fourier
transform NMR spectrometer at 300 MHz and a Bruker AVIII-400 NMR spectrometer at
100.61 MHz, respectively, or on a Bruker DRX-500 NMR spectrometer at 500 MHz and
126 MHz, respectively. Accurate mass measurement analyses were conducted on either a
Waters GCT Premier, time-of-flight, GCMS with electron ionization (EI), or an LCT
Premier XE, time-of- flight, LCMS with electrospray ionization (ESI). Samples were taken
up in a suitable solvent for analysis. The signals were mass measured against an internal
lock mass reference of perfluorotributylamine (PFTBA) for EI-GCMS, and leucine
enkephalin for ESI-LCMS. Waters software calibrates the instruments, and reports
measurements, by use of neutral atomic masses. The mass of the electron is not included.
All dilutions were performed using appropriate class A volumetric glassware. Elemental
analyses were performed on a Costech ECS 4010 analyzer. Fourier transform -infrared (FTIR) measurements were collected on a Jasco FT/IR-480 Plus spectrometer of samples as
KBr pellets.
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Materials. All materials were purchased directly from commercial sources and
used without further purification, unless otherwise noted. Anhydrous tetrahydrofuran
(THF) was sparged for 20 minutes with dry argon and dried using a commercial two column solvent purification system comprising columns packed with neutral alumina.
MilliQ water used was obtained from a Millipore reverse osmosis purification system and
filtered through a 0.2 micron filter prior to use. ~1M NaOH solutions were prepared by
dissolving solid NaOH in MilliQ water. The exact concentration was determined by
titrating against a measured quantity of potassium hydrogen phthalate (KHP) dissolved in
water with 2 drops of phenolphthalein indicator; performed in triplicate. The standard
deviation for the NaOH concentration was <1%. Hydrochloric acid solutions were prepared
by diluting appropriate quantities of concentrated HCl in MilliQ water. The exact
concentration was determined by titrating against the titrated NaOH solution with 2 drops
of phenolphthalein indicator; performed in triplicate. The standard deviation for the HCl
concentration was <1%. KCl solutions were prepared by dissolving an appropriate amount
of solid KCl in MilliQ water. RECl3 solutions were prepared by dissolving appropriate
quantities of the hydrated salts in the appropriate solvent.
Inductively Coupled Plasma Optical Emission Spectroscopy Measurements.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were
performed using a Spectro Genesis ICP-OES spectrometer (SPECTRO Analytical
Instruments GmbH, Kleve, Germany) equipped with an integrated three channel peristaltic
pump and an ASX-260 auto-sampler (CETAC Technologies, Omaha, NE, USA). Samples
solutions were delivered to the nebulizer using a Mod Lichte spray chamber and single-use
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PVC PT-2140PF tubing (Precision Glassblowing, Centennial, CO, USA). Each data
acquisition was preceded by a 35 second rinse sequence at different pump speeds. Other
relevant parameters were previously optimized to give the smallest RSD and are
summarized in Table 3.6.1. Analytical plasma standard solutions were obtained from AlfaAesar (Specpure®, 1000 ppm of RE 2O3 in 5% HNO3). Calibrations were performed before
every set of experiments using a range of 7 standardized solutions (0-125 ppm). Calibration
curves were confirmed to have R 2 > 0.999 for the selected elements. The following
wavelengths (nm) were used for element quantifications and reviewed for absence of
interferences: 333.749 (La), 364.540 (Dy), 430.358 (Nd) and were consistent with
literature recommendations. Potential instrumental drift was monitored by continuously
measuring Ar lines at 430.010 and 404.442 nm, and confirmed by analysis of a standard
solution every 30 samples and verifying the metal concentration remained constant.
Instrument Conditions
Forward Power (W)
1350
Plasma gas flow rate (L min -1)
13.50
Auxiliary gas flow rate (L min -1) 1.00
Nebulizer Flow Rate (L min -1)
0.90
La 333.749
Wavelengths (nm)
Nd 430.358
Dy 364.540
Table 3.6.1. Instrumental and operational conditions for ICP-OES measurements.

HTE samples were prepared by diluting 100 L of each filtrate with 10 mL 5%
HNO3 in MilliQ water. Separation experiment samples were prepared by digestion of 5-8
mg of analyte in 2 mL of freshly prepared 4:1 HNO 3 (Fisher, Certified ACS Plus
grade)/H2O2 (Fisher, 30% solution in water) mixture at 100 C for 5 minutes, followed by
dilution with 10 mL MilliQ water to a concentration of ca. 5% HNO 3. CAUTION: This
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digestion procedure is extremely oxidizing, releases NO x gases, and should only be
performed in a well-ventilated, hooded area while wearing appropriate personal protective
equipment (PPE).
X-Ray Crystallography. X-ray intensity data were collected on a Bruker
APEXII50 CCD area detector or a Bruker APEXIII51 D8QUEST CMOS area detector, both
employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 100(1) K.
Rotation frames were integrated using SAINT52, producing a listing of unaveraged F2 and
σ(F2) values which were then passed to the SHELXT program package 53 for further
processing and structure solution. The intensity data were corrected for Lorentz and
polarization effects and for absorption using SADABS or TWINABS. 54 Refinement was
performed by full-matrix least squares based on F2 using SHELXL2014. 53 All of the
reflections were used during refinement. Non-hydrogen atoms were refined anisotropically
and hydrogen atoms were refined using a riding model. Structures not previously published
were deposited in the Cambridge Crystallographic Data Centre with the following
deposition numbers: 2024468, 2024469.
High Throughput Precipitation Screening. High throughput precipitation
screening experiments were performed in 96-well reaction plates with a maximum volume
of 2.00 mL per well. Experimental wells (EW) were loaded with 250 L of the appropriate
individual RECl3 (66 mM, RE = La, Nd, Dy) solution followed by 600

L of the

appropriate ligand solution for a total volume of 850 L ([RE]initial = 19.4 mM). Each set
of experimental conditions were replicated in triplicate. Positive control (PC) wells were
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loaded with 250 L of all three RECl3 (RE = La, Nd, Dy) solutions and 100 L solvent for
a total volume of 850 L and were placed after every 9 experimental wells. The well plate
was covered with an adhesive aluminum foil cover to prevent solvent evaporation and
cross-contamination between wells, then placed on an innova2180 platf orm shaker moving
at 330 RPM for 24 hours. The reaction plate was centrifuged at 2000 RPM on a GeneVac
EZ-2 Personal Evaporator for 1 hour. The supernatant was transferred to a 96 -well filter
plate with a maximum volume of 1.00 mL per well. Dynamic vacuum was applied, and the
filtrate collected in a 96-well collection plate with a maximum volume of 2.00 mL per well.
The filtrate was analyzed for metal content by ICP-OES. Reaction yields were calculated
based on the ratio between RE concentration in the filtrates of the positive control and
experimental wells according to Equation 3.1.

% Yield=

[RE]PC - [RE]EW
×100
[RE]PC

(3.1)

Note: Yields from HTE screening are not calculated on the basis of collected mass. This
method avoids the need to thoroughly dry the collected solid, transfer losses, and manually
measuring individual masses in series, thereby saving time and improving precision
between wells.
General Procedure for Separation of Rare Earth Mixtures Based on HTE. To
a stirring solution of H33.1•TFA (1-2 equivalents) in the appropriate solvent (3.00 mL) was
added a solution of RE1Cl3•nH2O (0.083 mmol) and RE2Cl3•nH2O (0.083 mmol) in the
same solvent (1.25 mL). At the end of the reaction time (1-24 h), the mixture was filtered
through a fine porosity sintered glass frit, and the solid washed twice with H 2O (0.5-1.0
mL), and once with acetone (0.5 mL, optional wash). The solid was d ried on the frit, and
the filtrate evaporated. The RE content of the solid and filtrate portions was analyzed by
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ICP-OES. All separation experiments were performed in triplicate and the results reported
as the average of the three trials ± one standard deviation. Separation factors were
calculated as the ratio of distribution coefficients between REs using data obtained from
ICP-OES analysis55 (D = distribution coefficient, SF = separation factor, EF = enrichment
factor, n = moles):

DRE =

[RE] solid
[RE]filtrate

[RE2] solid
DRE2 [RE2]filtrate [RE2] solid [RE1]filtrate
SFRE2/RE1 =
=
=
×
DRE1 [RE1]solid [RE2]filtrate [RE1]solid
[RE1]filtrate
EFfiltrate =
EFsolid =

(3.2)

(3.3)

n RE1, filtrate
n RE2, filtrate

(3.4)

n RE2, solid
n RE1, solid

(3.5)

Note: Enrichment factors were calculated in the precipitation-based separation method as
a metric for the purity of the RE of interest within a single phase.
Procedure for Ligand Recovery. To solid 3.1-Dy (20 mg, 0.02 mmol) was added
minimal 12 M HCl (0.4 mL). Upon complete dissolution, EtOH (2.0 mL) was added with
stirring. After 1 h, the mixture was centrifuged at 3000 RPM using a Thermo Scientific
CL2 centrifuge for 30 minutes. The supernatant was decanted, and the solid suspended in
fresh EtOH (1.0 mL). The mixture was centrifuged at 3000 RPM for an additional 30
minutes. The supernatant was decanted and the white solid dried in vacuo (H 33.1•HCl, 10.6
mg, 84% yield, 12% residual 3.1-Dy present). The combined supernatants were evaporated
to yield off-white solid (DyCl3•nH2O, 4.9 mg, 86%). This procedure can be scaled up to
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100 mg 3.1-Dy, resulting in 88% recovery of H 33.1•HCl (33% residual 3.1-Dy present)
and 80% recovery of DyCl3.
2-chloropyridine-3-carboxylic acid N-oxide. 2-chloropyridine-3-carboxylic acid
N-oxide was synthesized according to previously reported literature procedures .56 To a
stirring mixture of 2-chloronicotinic acid (12.00 g, 76.2 mmol) in glacial acetic acid (100
mL) was added peracetic acid (35%, 35 mL). The mixture was slowly heated to 80 C, then
allowed to stir at this temperature for 10 hours. The solution was allowed to cool to room
temperature, then cooled in an ice bath. The resulting precipitate was filtered through a
medium porosity fritted funnel, and washed with diethyl ether. The solid was dried under
reduced pressure to afford 2-chloropyridine-3-carboxylic acid N-oxide as a white solid
(5.62 g, 43%). 1H NMR (300 MHz, d 6-DMSO):
3J

HH

= 14.14 (br s, 1H, CO 2H), 8.57 (d, 1H,

= 6 Hz, pyr-H), 7.67 (d, 1H, 3JHH = 6 Hz, pyr-H), 7.47 (t, 1H, 3JHH = 6 Hz, pyr-H).

13C{1H} NMR

(400 MHz, d 6-DMSO): = 164.41, 141.76, 139.46, 131.92, 125.84, 124.07.

ESI-MS m/z calc. for C6H5ClNO3 (M+H)+: 173.9958, found 173.9988.
1-hydroxy-2-oxo-1,2-dihydropyridine-3-carboxylic acid. 1-hydroxy-2-oxo-1,2dihydropyridine-3-carboxylic acid was synthesized according to previously reported
literature procedures.56 2-chloropyridine-3-carboxylic acid N-oxide (3.51 g, 20.2 mmol)
was stirred in aqueous potassium hydroxide (10%, 60 mL) at 70 C for 3 days. The solution
was allowed to cool to room temperature, then cooled in an ice bath. The solution was then
treated with concentrated hydrochloric acid until pH ~1 was reached. The crude product
was filtered through a medium porosity fritted funnel, and washed with cold water to afford
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1-hydroxy-2-oxo-1,2-dihydropyridine-3-carboxylic acid as a white solid (2.86 g, 91%). 1H
NMR (300MHz, d 6-DMSO): = 13.69 (br s, 2H, OH), 8.44 (dd, 1H, 3JHH = 7 Hz, 4JHH =
1 Hz, pyr-H), 8.26 (dd, 1H, 3JHH = 7 Hz, 4JHH = 1 Hz, pyr-H), 6.43 (t, 1H, 3JHH = 7 Hz, pyrH).

13C{1H}

NMR (400 MHz, d 6-DMSO):

= 164.53, 160.25, 142.26, 141.79, 117.12,

106.96. ESI- MS m/z calc. for C6H4NO4 (M-H)–: 154.0140, found 154.0157.
H3tren-1,2,3-HOPO (H33.1•TFA). To a stirring suspension of 1-hydroxy-2-oxo1,2-dihydropyridine-3-carboxylic (4.00 g, 25.8 mmol) in dry THF (150 mL) under inert
atmosphere was added thionyl chloride (9.4 mL, 129 mmol). After 16 h, volatiles were
removed in vacuo, and the white residue suspended in dry DMF (50 mL). A solution of
tris(2-aminoethyl)amine (tren, 1.13 g, 7.7 mmol) and Et 3N (2.35 g, 23.2 mmol) in dry DMF
(10 mL) was added dropwise to the suspension with vigorous stirring. After 8 h at room
temperature, the reaction mixture was slowly poured into 500 mL stirring Et 2O, forming
solid. The solid was filtered and washed with Et 2O, then dissolved in water (25 mL) and
trifluoroacetic acid (TFA, 1.5 mL). After 15-30 minutes, white solid precipitated. The solid
was isolated by filtration and washed with minimal cold water yielding tris[(1 -hydroxy-2oxo-1,2-dihydropyridine-3-carboxamido)ethyl]amine (H 3tren-1,2,3-HOPO, H33.1•TFA)
as an off-white solid (56%). Single crystals suitable for X-ray analysis were obtained via
slow evaporation of a water solution of H 33.1•TFA. Quantification by 1H and 19F NMR
using an internal standard of o-C6H4F2 has yielded a range of 0.77-1.93 TFA per ligand.
1H

NMR (500 MHz, D2O):

= 8.09 (d, 3JHH = 6 Hz, 3H, pyr-H), 7.83 (d, 3JHH = 7.5 Hz,

3H, pyr-H), 6.46 (t, 3JHH = 7 Hz, 3H, pyr-H), 3.91 (br t, 3JHH = 4.5 Hz, 6H, CH 2), 3.71 (br
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t, 3JHH = 5 Hz, 6H, CH2). 13C{1H} NMR (500 MHz, D 2O with DMSO internal reference):
= 168.32, 160.07, 143.12, 141.45, 120.71, 107.83, 55.62, 36.42. ESI-MS m/z calc. for
C24H28N7O9 (M+H)+: 558.1949, found 558.1931. Anal. calcd for C 28H29F6N7O13
[H33.1•2TFA]: C 42.81; H, 3.72; N, 12.48. Found: C 42.46; H 3.58; N 12.25.
La(tren-1,2,3-HOPO) (3.1-La). To a stirring solution of H33.1•TFA (0.18 mmol)
in H2O (2 mL) was added a solution of LaCl 3•7H2O (0.067 g, 0.18 mmol) in H 2O (1 mL)
resulting in the immediate formation of a white solid. After 3 h, the reaction mixture was
filtered and the solid washed with H 2O (3 1 mL). The solid was dried on the frit to afford
3.1•La as a white solid (0.092 g, 74%). Single crystals suitable for X-ray analysis were
obtained via vapor diffusion of H 2O into a solution of 3.1-La in wet DMF. 1H NMR (300
MHz, d 6-DMSO):
3J

HH

= 9.80 (br s, 3H), 8.17 (br s, 3H), 7.95 (d, 3JHH = 6 Hz, 3H), 6.54 (t,

= 6 Hz, 3H), 3.20 (br s, 6H), 2.47 (br s, 6H, overlaps with solvent signal).

NMR (400 MHz, d 6-DMSO):

13C{1H}

= 163.53, 161.30, 139.15, 133.50, 115.97, 107.75, 55.51,

37.53. Anal. calcd for C24H34LaN7O14 [3.1-La(OH2)4]: C 37.66; H 4.21; N 12.81. Found:
C 37.15; H 4.29; N 13.17.
Nd(tren-1,2,3-HOPO) (3.1-Nd). To a stirring solution of H33.1•TFA (0.18 mmol)
in H2O (2 mL) was added a solution of NdCl3•6H2O (0.064 g, 0.18 mmol) in H 2O (1 mL)
resulting in the immediate formation of a white solid. After 3 h, the reaction mixture was
filtered and the solid washed with H 2O (3 1 mL). The solid was dried on the frit to afford
3.1-Nd as a pale blue-purple solid (0.094 g, 75%). Single crystals suitable for X-ray
analysis were obtained via vapor diffusion of H 2O into a solution of 3.1-Nd in wet DMF.
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1H

NMR (300 MHz, d 6-DMSO):

= 17.53 (br s, 3H), 10.59 (br s, 3H), −0.13 (br s, 6H),

−0.89 (br s, 6H), −2.89 (br s, 3H). Anal. calcd for C 24H28N7NdO11 [3.1-Nd(OH2)2]: C
39.23; H 3.84; N 13.34. Found: C 39.42; H 4.05; N 13.14.
Dy(tren-1,2,3-HOPO) (3.1-Dy). To a stirring solution of H33.1•TFA (0.18 mmol)
in H2O (2 mL) was added a solution of DyCl3•6H2O (0.068 g, 0.18 mmol) in H 2O (1 mL)
resulting in the immediate formation of a white solid. After 3 h, the reaction mixture was
filtered and the solid washed with H 2O (3 1 mL). The solid was dried on the frit to afford
3.1-Dy as a white to off-white solid (0.095 g, 74%). Single crystals suitable for X-ray
analysis were obtained via vapor diffusion of H 2O into a solution of 3.1-Dy in wet DMF.
1H

NMR (300 MHz, d 6-DMSO): = 73.86 (br s, 3H, N-H), 39.20 (br s, 3H, pyr-H), −61.32

(br s, 6H, CH2), −62.55 (br s, 9H, CH 2, pyr-H), −249.70 (br s, 3H, pyr-H). Anal. calcd for
C24H30DyN7O12 [3.1-Dy (OH2)3]: C 37.39; H 3.92; N 12.72. Found: C 37.36; H 3.91; N
12.41.
Tris(2-nitrophenyl)amine. Tris(2-nitrophenyl)amine was synthesized according
to previously reported literature procedures.57 2-nitroaniline (0.03 g, 72.4 mmol), 2nitrofluorobenzene (30.5 mL, 298.6 mmol), and K 2CO3 (60.3 g, 434.4 mmol) were stirred
in DMSO under N2 at 150 C for three days. The reaction was cooled to room temperature,
diluted with H2O (1 L), then filtered through a medium porosity sintered glass frit. The
solid was boiled for 30 minutes in MeOH (1 L), then filtered while still hot. The solid was
washed with 500 mL MeOH in portions. This procedure was repeated once more, then the
solid dried to afford tris(2-nitrobenzyl)amine as a yellow powder (13.80 g, 50%). The
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NMR spectra were consistent with literature reports: 1H NMR (300 mHz, CDCl3): δ = 7.83
(d, 3JHH = 9 Hz, 3 H, Ar-H), 7.53 (t, 3JHH = 6 Hz, 3 H, Ar-H), 7.32-7.26 (m, 3 H, Ar-H),
7.21 (d, 3JHH = 6, 3 H, Ar-H).
Tris(2-aminophenyl)amine.

Tris(2-aminophenyl)amine

was

synthesized

according to previously reported literature procedures.57 Tris(2-nitrophenyl)amine (10.0 g,
26.3 mmol) and 5% Pd/C (4.2 g, 1.95 mmol) were combined in THF (50 mL) and stirred
for 24 h under 200 psi H 2. The mixture was filtered through celite, washed with THF (2
10 mL) and diethyl ether (4

10 mL), then dried overnight to afford tris(2-

aminophenyl)amine as a purple powder (3.9 g, 51%). The NMR spectra were consistent
with literature reports: 1H NMR (400 mHz, CDCl3): δ = 7.02-6.96 (m, 3H, Ar-H), 6.91 (dd,
3J

HH

= 12 Hz, 3JHH = 4 Hz, 3 H, Ar-H), 6.73-6.67 (m, 6H, Ar-H), 3.68 (s, 6H, NH 2).
H3N(o-Ph-HOPO)3 (H33.2). To a stirring suspension of 1-hydroxy-2-oxo-1,2-

dihydropyridine-3-carboxylic (2.00 g, 12.9 mmol) in dry THF (125 mL) under inert
atmosphere was added thionyl chloride (14 mL, 193 mmol). After 16 h, volatiles were
removed in vacuo, and the white residue suspended in dry THF (50 mL). Tris(2aminophenyl)amine (1.12 g, 3.87 mmol) was added dropwise as a solution in dry THF (40
mL). After 1.5 h, dry pyridine (3 mL) were added. After three days, the reaction mixture
was filtered into 500 mL stirring Et2O, forming solid. The slid was filtered and washed
with Et2O. The crude product was crystallized from CH 2Cl2 layered with hexanes to afford
3.2 as a purple solid (5.4 g, 60%). Inseparable impurities prevented the collection of
analytically pure material.
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La{[H2N(o-Ph-HOPO)3][HN(o-Ph-HOPO)3N]}

(La[(H23.2)(H3.2)]).

H33.2

(0.049 g, 0.07 mmol) in MeOH (2 mL) was layered onto LaCl3•7H2O (0.026 g, 0.07 mmol)
in methanol (2 mL). After 16 h, the resulting solid was filtered and washed with MeOH to
yield (La[(H23.2)(H3.2)]) as a solid (0.022 g, 38%). Single crystals suitable for X-ray
analysis were obtained via vapor diffusion of acetone into a concentrated DMSO solution.
Nd{[H2N(o-Ph-HOPO)3][HN(o-Ph-HOPO)3N]} (Nd[(H23.2)(H3.2)]). H33.2
(0.05 g, 0.07 mmol) in MeOH (2 mL) was layered onto NdCl3•6H2O (0.027 g, 0.07 mmol)
in methanol (2 mL). After 16 h, the resulting solid was filtered and washed with MeOH to
yield (Nd[(H23.2)(H3.2)]) as a solid (0.024 g, 41%). Single crystals suitable for X-ray
analysis were obtained via vapor diffusion of acetone into a concentrated DMSO solution.
1H

NMR (400 mHz, DMSO): δ = 15.91 (br s, 3H), 12.23 (br s, 3H), 11.33 (s, 3H), 9.86 (br

s, 3H), 9.72 (br s, 3H), 8.538 (d, 3JHH = 6 Hz, 3H), 8.06 (d, 3JHH = 6.4 Hz, 3H), 8.05 (br s,
3H), 7.39 (br s, 6H), 7.21 (br s, 3H), 6.84 (br s, 6H), 6.76 (t, 3JHH = 6.8 Hz, 3H), 6.60 (br
s, 3H), 5.26 (br s, 3H), 1.46 (br s, 3H).
Dy{[H2N(o-Ph-HOPO)3][HN(o-Ph-HOPO)3N]}

(Dy[(H23.2)(H3.2)]). H33.2

(0.05 g, 0.07 mmol) in MeOH (2 mL) was layered onto DyCl3•6H2O (0.027 g, 0.07 mmol)
in methanol (2 mL). After 16 h, the resulting solid was filtered and washed with MeOH to
yield (Dy[(H23.2)(H3.2)]) as a solid (0.017 g, 28%). 1H NMR (400 mHz, DMSO): δ =
147.38 (br s, H), 56.10 (br s, 3 H), 25.58 (br s, 3H), 11.84 (br s, 3H), 10.96 (br s, 3H), 8.16
(br s, 3H), 7.92 (br s, 3H), 7.68 (br s, 3H), 7.04 (br s, 6H), 6.86 (br s, 3H), 6.37 (br s, H),
6.45 (br s, 3 H), -11.35 (br s, H), -12.15 (br s, 3 H), -29.75 (br s, 3H), -211.85 (br s, 3H).
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Figure 3.6.1. 1H NMR spectrum of 2-chloropyridine-3-carboxylic acid N-oxide in d 6–DMSO.

Figure 3.6.2. 13C{1H} NMR spectrum of 2-chloropyridine-3-carboxylic acid N-oxide in d 6–DMSO.
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Figure 3.6.3. 1H NMR spectrum of 1-hydroxy-2-oxo-1,2-dihydropyridine-3-carboxylic acid in d 6–DMSO.

Figure 3.6.4. 13C{1H} NMR spectrum of 1-hydroxy-2-oxo-1,2-dihydropyridine-3-carboxylic acid in d 6–
DMSO.
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Figure 3.6.5. 1H NMR of H 33.1•TFA in D2O.

Figure 3.6.6. 13C{1H} NMR of H 33.1•TFA in D2O with DMSO internal reference (39.52 ppm).

102

Figure 3.6.7. 1H NMR of H 33.1•TFA with 1,2-difluorobenzene in d 6–DMSO.

Figure 3.6.8. 19F{1H} NMR of H 33.1•TFA in d 6–DMSO.
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Figure 3.6.9. 1H NMR of 3.1-La(DMF)(H2O) in d 6–DMSO.

Figure 3.6.10. 13C{1H} NMR of 3.1-La in d 6–DMSO.
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Figure 3.6.11. 1H NMR of 3.1-Nd(DMF)(H 2O) in d 6–DMSO.

Figure 3.6.12. 1H NMR of 3.1-Dy in d 6–DMSO.
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Figure 3.6.13. FT-IR spectra of selected species. The filtrate portion of the Nd/Dy separations were not
clearly one single species.

Figure 3.6.14. FT-IR spectra of selected species. The solid portion of the Nd/Dy separations appears to be
predominantly 3.1-Dy.
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Figure 3.6.15. 1H NMR of tris(2-nitrophenyl)amine in CDCl3.

Figure 3.6.16. 1H NMR of tris(2-aminophenyl)amine in CDCl3.
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Figure 3.6.17. 1H NMR of La[(H3.2)(H23.2)] in d 6–DMSO.

Figure 3.6.18. 1H NMR of Nd[(H3.2)(H 23.2)] in d 6–DMSO.
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Figure 3.6.19. 1H NMR of Dy[(H3.2)(H23.2)] in d 6–DMSO.
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CHAPTER 4: Toward Kinetically–Driven Rare Earth Separations Using
Catecholate-Based Ligands
4.1

Abstract
The primary difference among the rare earth elements (La–Lu, Sc, and Y) is their

ionic radius, which systematically decreases for the 3 + cations from La 3+ to Lu 3+ and results
in an increased Lewis acidity with decreasing size. We are interested in applying these
differences in Lewis acidity to modulating the properties of rare earth complexes. Toward
this goal, a tripodal, catecholate-based proligand, 4.2-H-H, and its homobimetallic 4.2RE1-RE2 (RE1 = RE2 = La, Nd, Dy) were synthesized. The redox behavior of these
complexes were demonstrated to be cation-dependent, where 4.2-La-La exhibited one
quasi-reversible and one irreversible oxidation, and 4.2-Nd-Nd and 4.2-Dy-Dy exhibited
two quasi-reversible oxidations followed by an irreversible oxidation. The third redox
wave was found to be shifted 170 mV anodically for 4.2-Dy-Dy compared to 4.2-Nd-Nd.
The ratio of the difference in electrochemical potentials between two complexes, and the
difference in ionic radii, E/ r, was used to compare these results with literature reports.
Redox events occurring on atoms directly bound to the rare earth cation were found to
exhibit the largest E/ r values of the systems examined. We expect E/ r values will be
maximized in complexes where the redox event occurs on atoms directly bound to the
metal center and also do not result in significant chemical rearrangement. The complex
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4.2-Ce(THF)-Ce(THF) was also synthesized, and reacted with varying oxidants and 9 –
fluorenone.

4.2

Introduction
Rare earth elements (La-Lu, Sc, and Y) have unique physical and chemical

properties that have been exploited in technology.1 Precise mixtures of rare earths are
required to achieve the properties for a given application, necessitating elementally pure
materials prior to use. The rare earths are chemically similar, where changes in ionic radii
are the largest difference among these elements (i.e. rNd/Dy = rNd – rDy = 0.082 Å for
coordination number CN = 8),2 making separations a challenging process. 3
Countercurrent solvent extraction is the industry standard process for separating
mixtures of rare earth elements. However, solvent extraction processes exhibit low
selectivity for a single rare earth and require multiple iterations to purify these elements. 3
For example, 2-ethylhexyl-mono(2-ethylhexyl) ester phosphonic acid (HEHEHP) has an
average separations factor, SFRE1/RE2, for adjacent lanthanides of 2.5. 4 These processes are
energy- and resource-intensive, and the supply chain would benefit from alternative
methods for purifying rare earths. 5 New separations methods have used supported liquid
membranes,6-7

selective

crystallization,8

photochemical

reduction,9-10

and

chromatography11-13 to separate rare earth mixtures.
Our group has previously investigated rare earth complexes bound to the redoxactive ligand (N[(2‐tBuNO− )C6H4CH2]3), [TriNOx]
the separation of

rare earths. For

–

framework and their applications in

example, when Eu(TriNOx)(THF) and
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Y(TriNOx)(THF) were oxidized by [Fe(C5H5)2][B{3,5-(CF3)2-C6H3}4] ([Fc][BArF]),
dimeric structures, [Eu(TriNOx)• ]22+ and [Y(TriNOx)• ]22+, were obtained (Scheme
4.2.1a).14 Notably, the rate of oxidation at 0 V vs Fc/Fc + (k0V) was slower for
Y(TriNOx)(THF) (k0V = 2.82 × 10 -4 mVs-1) than Eu(TriNOx)(THF) (k0V = 22.8 × 10 -4
mVs-1). The Lewis acidic Y 3+ cation shifted the ligand-based oxidation wave anodically,
and exhibited decreased current passed at 0 V vs Fc/Fc+, compared to the Eu 3+ congener.
The difference in current passed at 0 V vs Fc/Fc+ between these complexes was correlated
to a decreased rate of oxidation for Y(TriNOx)(THF) by [Fc][BArF] compared to
Eu(TriNOx)(THF). This rate difference was exploited to selectively oxidize
Eu(TriNOx)(THF) in a 1:1 mixture with Y(TriNOx)(THF) and effect the separation of
these elements with a separations factor SFEu/Y = 74.8.14 Alternatively, the proligand
H3TriNOx was reacted with Ag2O and isolated as a triradical, TriNOx ••• . This nitroxide
radical complex reacted with rare earth tris-cyclopentadienide species, such as YCp 3, in
THF to give Y(TriNOx)(THF) (Scheme 4.2.1b).15 The rate of the chelation reaction was
faster for smaller rare earth cyclopentadienide complexes with TriNOx ••• than those
containing larger rare earths, likely caused by the increased steric repulsion experienced
by the Cp – ligands when chelated to the smaller rare earth cations resulting in a more
reactive starting complex and a faster rate of reaction. This result is in contrast to the
previous example where the presence of a smaller, more Lewis acidic, rare earth cation led
to a decreased rate of reaction. These differences in rates were used to accomplish
separations by reacting TriNOx••• with 1:1 mixtures of LaCp 3 and YCp3 (SFLa/Y = 26). The
relatively low separations factor achieved here was due to incomplete conversion of
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starting materials and unproductive side reactivity. 15 These two examples show that the
kinetics and redox chemistry of ligands bound to rare earth cations can impart selectivity
in the enrichment of these complexes upon reaction.

Scheme 4.2.1. a) Previously reported oxidation of Eu(TriNOx)(THF) with [Fc][BArF] to form
[Eu(TriNOx)•]22+ .14 b) Previously reported reaction of TriNOx••• with YCp 3 to form Y(TriNOx)(THF).15

Redox-active ligands have been used with 3d-metals to facilitate multi-electron
transformations that are more commonly observed where 4d– and 5d–metals are
employed.16 Indeed, redox-active ligands have shown multiple isolable redox conformers
when bound to rare earth elements as well, indicating that different multi-electron
processes are possible for these complexes. For example, the Bart group has shown that
the rare earth element Nd forms stable complexes with an iminoquinone ligand in three
different oxidation states (Scheme 4.2.2a).17 The Mazzanti group has reported a series of
lanthanide-salophen complexes that exhibit metal-dependent redox waves. 18 Oxidation
features of the Nd-, Eu-, and Yb-salophen complexes were observed at Epc = –2.50, –2.46,
and –2.38 V vs Fc +/Fc, respectively. These complexes were also found to store electrons
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in a new C–C bond. For example, K[Nd(salophen)2] could be reduced by two electrons to
synthesize K3[Nd(bis-salophen)] (Scheme 4.2.2b).

Scheme 4.2.2. a) Previously reported complexes of Nd with iminoquinone ligands in varying oxidation
states.17 b) Previously reported K[Nd(salophen)2] complexes that store electrons in C–C bonds.18

We were interested in developing new, redox-active ligands and studying their
properties, as influenced by the identity of the chelated rare earth ion, to separate rare earth
elements. Catecholate-derived ligands are an attractive choice due to their multiple
accessible redox states as well as being hard bases that strongly bind to rare earth cations
(Scheme 4.2.3).19 Transition metal complexes containing catecholate, semiquinonate, and
quinone, ligands have been well-studied.20 Catecholate complexes of rare earths have been
shown to have potential applications as MRI contrast agents 21 and anti-biofilm agents22
due to their high stability constants under aqueous conditions. 23 Despite their potential for
rich redox chemistry, little work has been reported on probing multiple stable redox states
for rare earth-catechol complexes. We hypothesized that tripodal, catecholate-derived,
ligands would exhibit rare earth-dependent redox chemistry that could afford separations
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of these elements. Further, the acid-base chemistry of catecholate-based ligands (i.e.,
protonation state of these ligands) will be tunable by both the oxidation state of the
catechol, and the identity of the chelated rare earth cation.19, 24

Scheme 4.2.3. Electron transfer events required to access each quinone redox form.19

Herein, we report the syntheses and characterization of the tripodal catecholatederived proligand, 4.2-H3-H3. Homobimetallic rare earth (RE = La, Nd, and Dy) complexes
were synthesized and characterized by 1H NMR, X-ray crystallography, and FT-IR. The
putative monometallic lanthanum complex was synthesized and characterized. This
complex was then used as a starting material to prepare heterobimetallic complexes, the
syntheses of which resulted in complex speciation, i.e., mixtures of homobimetallic and
heterobimetallic complexes. The cyclic voltammograms of the homobimetallic complexes
were measured, and RE–dependent electrochemical reversibility and redox potentials
uncovered.

4.3

Results and Discussion
Synthesis of Catechol–Based Ligand and Complexes. The starting material

aldehyde, 2,3–dihydroxy–4,6–di–tert–butyl–benzaldehyde (4.1) was synthesized in 61%
yield using Duff reaction protocols and following literature procedures (Scheme 4.3.1a).25
The new proligand, (tren HC=N(H2tBu2cat)3, 4.2-H3-H3), was synthesized in 83% yield by
Schiff base condensation with tris–(2–aminoethyl)amine (tren). The proligand, 4.2-H3-H3,
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precipitated as an orange solid under the reaction conditions and was used without any
further purification. 4.2-H3-H3 was found to be well–soluble in most organic solvents
including Et2O, CH2Cl2, THF, CH3CN, and slightly soluble in n–hexanes. X-ray diffraction
analysis of crystals grown from CH2Cl2 revealed significant intramolecular H-bonding
between the catechol OH a moieties and the imine nitrogen atoms (Scheme 4.3.1b,c). These
H-bonding interactions, along with the steric protection afforded by the tert–butyl groups
(vide infra), provided enhanced stability to the imines and prevented hydrolysis of 4.2-H3H3.26

Scheme 4.3.1. a) Synthesis of aldehyde 4.1 and proligand 4.2-H3-H3. b) Front and c) top views of the thermal
ellipsoid plot of 4.2-H3-H3 at the 50% probability level. Hydrogen atoms not participating in H -bonding
omitted and tert–butyl groups depicted in wireframe for clarity.

Initial attempts to synthesize RE complexes using 4.2-H3-H3 in 1:1 ratio on the
benchtop led to crude mixtures that could not be purified or well–characterized. Reaction
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of 4.2-H3-H3 with two equiv RE[N(SiMe 3)2]3 (RE = La, Nd, Dy) in THF in an N2
atmosphere drybox led to the formation of dark red solutions. Removal of solvent and
subsequent washing with hexanes afforded isolation of the homobimetallic complexes, 4.2La(THF)-La(THF), 4.2-Nd-Nd and 4.2-Dy-Dy in 86%, 82%, and 79% yields,
respectively (Scheme 4.3.2). The numbers of coordinating THF solvent molecules in the
rare earth complexes were assigned based on the results of elemental analysis and the
relative integration of solvent resonances compared to ligand-based signals in the 1H NMR
spectra. The differences in THF coordination observed among the complexes was likely
due to the length of time each complex was dried during solvent removal, and was not
expected to influence any reactivity or characterization data. One THF molecule was
assigned to each La 3+ cation of 4.2-La(THF)-La(THF), consistent with the solid state
structure obtained for 4.2-Ce(THF)-Ce(THF) (Figure 4.3.11). The 1H NMR spectra,
taken in d 5–pyridine, demonstrated these complexes to be C3v–symmetric in solution where
solvent was in fast exchange and did not influence the observed solution state symmetry
of the complexes.

Scheme 4.3.2. Synthesis of homobimetallic complexes 4.2-RE1(THF)n-RE2(THF)n.

X-ray diffraction analysis of crystals grown from concentrated pyridine solutions
at –25 ºC revealed identical coordination modes among the complexes (Figure 4.3.1). In
each case, both RE cations were 8-coordinate. One RE cation was coordinated by all six
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catecholate–based oxygen atoms and the nitrogen atoms of two pyridine molecules—one
apical and one equatorial. The second RE cation was bound to three catecholate–based
oxygen atoms as well as the nitrogen atoms of all three imines, the tertiary amine, and an
equatorial pyridine molecule. For 4.2-La(pyr)2-La(pyr) and 4.2-Nd(pyr)2-Nd(pyr), the
equatorial pyridine molecules were on different faces of the molecule, whereas the
equatorial pyridine molecules were effectively stacked for 4.2-Dy(pyr)2-Dy(pyr).
Notably, the Dy(1)–Npyr,eq distance was found to be the longest Dy–pyridine distance
reported by ~0.14 Å (Cambridge Structural Database, accessed 16 Jul 2020).27

Figure 4.3.1. Thermal ellipsoid plots of 4.2-La(pyr)2-La(pyr) (a), 4.2-Nd(pyr)2-Nd(pyr) (b), and 4.2Dy(pyr)2-Dy(pyr) (c) at the 50% probability level. Hydrogen atoms removed and tert–butyl groups depicted
in wireframe for clarity.

A linear correlation between the ionic radii of the REs was observed for a select
few of the bond metrics (Figure 4.3.2). With decreasing ionic radius, there was a
systematic decrease in distance between RE(1) and N py,ax, O(1,3,5), and O(2,4,6), and
between RE(1) and RE(2). A linear correlation was not observed between the ionic radius
of RE(2) with any of the other heteroatoms.
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Figure 4.3.2. Selected bond lengths of 4.2-RE1(pyr)2-RE2(pyr). Error bars represent crystallographic
estimated standard deviation (esd) values. Dotted lines are lines of best fit; all R2 > 0.99.

There was significant variability in the position of the REs within the two
coordination environments of [4.2]6–. For example, the RE(2)–Ntert distances did not trend
with ionic radius, with Nd(2)–Ntert length of 2.762(2) Å being longer than La(2)–Ntert length
of 2.705(2) Å (Table 4.3.1). This variability was also evident in the distance from the RE
cations to the centroids of each plane of equivalent atoms.
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Metric
Atom–Atom
Ionic Radius

2

Distance (Å)
4.2-La(pyr)2-La(pyr) 4.2-Nd(pyr)2-Nd(pyr)

4.2-Dy(pyr)2-Dy(pyr)

1.160

1.109

1.027

RE(1)–RE(2)
RE(1)–Npy,ax
RE(1)–Npy,eq

3.674(4)
2.725(2)
2.883(2)

3.610(5)
2.670(2)
2.723(2)

3.528(7)
2.596(3)
2.821(7)

RE(2)–Npy,eq
RE(1)–O(2,4,6) (avg)
RE(1)–O(1,3,5) (avg)

2.902(2)
2.379(2)
2.588(2)

2.757(2)
2.325(2)
2.520(2)

2.640(3)
2.233(3)
2.435(2)

RE(2)–O(1,3,5) (avg)
RE(2)–Nimine (avg)

2.365(2)
2.610(2)

2.337(2)
2.547(2)

2.267(3)
2.500(2)

RE(2)–Ntert

2.705(2)

2.762(2)

2.642(3)

0.475
1.989
1.688

0.692
1.934
1.688

0.677
1.879
1.656

RE(2)–N(1,2,3)
1.083
1.047
Table 4.3.1. Selected bond metrics of 4.2-RE1(pyr)2-RE2(pyr).

1.074

Atom–Centroid
RE(1)–O(2,4,6)
RE(1)–O(1,3,5)
RE(2)–O(1,3,5)

Heterobimetallic Complexes. The capability of the 4.2-H3-H3 proligand to chelate
two rare earths prompted investigations into synthesizing heterobimetallic complexes in
addition to the homobimetallic complexes. The monometallic 4.2-La-H3 was synthesized
in 69% yield by protonolysis of 4.2-H3-H3 with one equiv La[N(SiMe 3)2]3 in THF (Scheme
4.3.3). The 1H NMR spectrum of 4.2-La-H3 in d 5–pyridine revealed a C3v–symmetric
solution state speciation (Figure 4.5.7). The spectrum was shifted from those of 4.2-H3H3 and 4.2-La-La suggesting that a new, presumably the monometallic 4.2-La-H3, was
synthesized instead of half an equivalent of the bimetallic 4.2-La-La. Further, the Fourier
transform infrared (FT-IR) spectrum of 4.2-La-H3 exhibited a distinctive O–H stretch that
was shifted from that of 4.2-H3-H3 and absent from the spectra of 4.2-RE1-RE2,
supporting the assignment of 4.2-La-H3 as a monometallic species (vide infra). Single
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crystals of 4.2-La-H3 suitable for X-ray diffraction analysis could not be obtained due to
the amorphous nature of solids isolated. However, it was expected that the La3+ cation
would be chelated to all six oxygen atoms of the catecholate framework due to the
oxophilic nature of the rare earths.28 Furthermore, the solid state structure of 4.2-H3-H3
exhibits hydrogen bonding between the OH a moieties and the imine N atoms, which was
expected to increase the pK a of those protons compared to those of OHb (Scheme 4.3.1).

Scheme 4.3.3. Synthesis of complex 4.2-RE1-H and heterobimetallic complexes 4.2-RE1-RE2.

The complexes 4.2-La-Nd and 4.2-La-Dy were synthesized by protonolysis of 4.2La-H3 with the appropriate Nd/Dy[N(SiMe 3)2]3 precursor (Scheme 4.3.3), and 84% and
82% of the expected masses were recovered, assuming no THF coordination, respectively.
Isolated yields were not obtained for the putative 4.2-La-Nd and 4.2-La-Dy complexes
due to the mixed speciation observed in solution (vide infra). The 1H NMR spectrum in d 5–
pyridine of the 4.2-La-Nd reaction product revealed new resonances, most notably a
singlet at ~26 ppm, when compared to the spectra of 4.2-La(THF)-La(THF) and 4.2-NdNd suggestive of the formation of a heterobimetallic complex (Figure 4.3.3). However,
there were also resonances indicating the formation of 4.2-Nd-Nd (~22 and ~6.7 ppm) and
4.2-La-La (~9.0 and ~6.9 ppm). Evidently, there was redistribution of the rare earth cations
that allowed for the in situ generation of the homobimetallic complexes.
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Figure 4.3.3. 1H NMR spectra collected in d 5–pyridine of 4.2-La(THF)-La(THF) (bottom), 4.2-Nd-Nd
(middle), and 4.2-La-Nd (top).

The 1H NMR spectrum in d 5–pyridine of the 4.2-La-Dy reaction product also
exhibited new resonances consistent with formation of a heterobimetallic complex (Figure
4.3.4). There was a relatively sharp singlet at ~32 ppm, and two lower-intensity singlets
between –100 and –105 ppm. There was also evidence of the homobimetallic complexes
having formed during the synthesis of 4.2-La-Dy. Resonances at ~70 and ~13 ppm were
diagnostic of 4.2-Dy-Dy present in solution. Combined with the results of the 4.2-La-Nd
experiments, these results suggested it could be possible for complexes of the form 4.2Nd-La and 4.2-Dy-La to have formed in the reaction mixtures as well.
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Figure 4.3.4. 1H NMR spectra collected in d 5–pyridine of 4.2-La(THF)-La(THF) (bottom), 4.2-Dy-Dy
(middle), and 4.2-La-Dy (top).

The hypothesis that the rare earth cations could redistribute in solution was tested
by stirring 4.2-La(THF)-La(THF) with 4.2-Nd-Nd in THF for 1 h. After removal of
solvent under reduced pressure, the 1H NMR spectrum collected in d 5–pyridine revealed a
low-intensity singlet at ~26 ppm in addition to the resonances associated with 4.2-La-La
and 4.2-Nd-Nd (Figure 4.3.5). The chemical shift of this singlet matched the singlet
observed in the synthesis of 4.2-La-Nd, and suggested the formation of a small quantity of
4.2-La-Nd in this reaction. This result supported the hypothesis that the rare earth cations
were able to redistribute among the 4.2-RE1-RE2 complexes in solution. In the analogous
experiment containing 4.2-La-La and 4.2-Dy-Dy, resonances associated with 4.2-La-Dy
could not be detected due to the low intensity and broadness of the diagnostic resonances,
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presumably because of the low quantity of 4.2-La-Dy formed under the reaction
conditions.

Figure 4.3.5. 1H NMR spectra collected in d 5–pyridine of the combined solutions of 4.2-La(THF)-La(THF)
and 4.2-Nd-Nd (top) and the 4.2-La-Nd reaction mixture (bottom).

A recently reported family of homobimetallic Schiff-base phenolate complexes was
shown to have subtle differences among the La-, Eu-, Tb- and Yb-containing complexes in
the Fourier transform infrared (FT-IR) spectra.29 For example, the Eu and Tb complexes
exhibited a shoulder at ~1260 cm -1 not evident in the La and Yb complexes. The FT-IR
spectra of 4.2-H3-H3 and the related homo- and heterobimetallic complexes were thus
collected in an effort to observe differences among the complexes. The FT-IR spectrum of
4.2-H3-H3 centered contained a distinctive, broad, O–H stretch centered around ~3380 cm1

(Figure 4.3.6). The O–H stretch of 4.2-La-H3 was somewhat shifted at ~3270 cm -1 and

much sharper than that of 4.2-H3-H3 (Figure 4.3.6). These O–H stretches were absent from
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the FT-IR spectra of the bimetallic complexes, 4.2-RE1-RE2, as expected. The FT-IR
spectra of 4.2-La(THF)-La(THF), 4.2-Nd-Nd, 4.2-Dy-Dy, 4.2-La-Nd, and 4.2-La-Dy
were virtually identical to one another and limited the utility of FT-IR spectroscopy to
differentiate the heterobimetallic complexes (Figure 4.3.7, Figure 4.3.8). Further efforts
to confirm the presence of the heterobimetallic complexes, such as mass spectrometry,
were inconclusive.

Figure 4.3.6. FT-IR spectra of 4.2-H3-H3, 4.2-La(THF)-La(THF), 4.2-Nd-Nd, and 4.2-Dy-Dy.
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Figure 4.3.7. FT-IR spectra of 4.2-H3-H3, 4.2-La-H3, 4.2-La(THF)-La(THF), 4.2-Nd-Nd, and 4.2-La-Nd.

Figure 4.3.8. FT-IR spectra of 4.2-H3-H3, 4.2-La-H3, 4.2-La(THF)-La(THF), 4.2-Dy-Dy, and 4.2-La-Dy.

Electrochemical Characterization. Cyclic voltammograms (CVs) of 4.2-La-La,
4.2-Nd-Nd, and 4.2-Dy-Dy were collected in 0.1 M [nPr4N][BArF ] solutions in THF at
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variable scan rates. Complex 4.2-La(THF)-La(THF) exhibited a quasi-reversible
oxidation event at E1/2 = –0.52 V vs Fc/Fc+ (Figure 4.3.9, brown trace) assigned as a oneelectron, ligand-based oxidation from catecholate to semiquinonate (Scheme 4.2.3).
Scanning further anodically revealed an irreversible oxidation at Epa = –0.01 V vs Fc/Fc+,
tentatively assigned as the oxidation of a second catecholate ligand arm to semiquinonate.
Square wave voltammetry (SWV) analysis of 4.2-La(THF)-La(THF) showed cathodic
current being passed on a reducing sweep for this second oxidation, albeit with much
reduced current values, consistent with a nearly irreversible oxidation process observed in
the CV data (Figure 4.5.1). Complex 4.2-Nd-Nd exhibited two quasi-reversible oxidation
events at E1/2 = –0.50 and –0.07 V vs Fc/Fc+ assigned as two oxidations of two catecholate
functionalities to semiquinonate (Figure 4.3.9, blue trace). These oxidations were followed
by an irreversible oxidation event at Epa = +0.30 V vs Fc/Fc+, tentatively assigned as the
oxidation of the third catecholate to a semiquinonate, that was presumably followed by fast
chemical reorganization. SWV analysis of 4.2-Nd-Nd was consistent with the cyclic
voltammogram, where the first two oxidation events passed nearly the same amount of
current for anodic and cathodic sweeps. The third oxidation feature was non-Gaussian in
shape and shifted ~40 mV anodic from its related reduction feature; indicative of a
chemical reorganization (Figure 4.5.2). The complex 4.2-Dy-Dy exhibited similar
electrochemical behavior to 4.2-Nd-Nd during SWV analysis. The first two oxidation
events passed nearly the same amount of current for anodic and cathodic sweeps. The third
oxidation feature was also non-Gaussian in shape and shifted ~60 mV anodic from its
related reduction feature; indicative of a chemical reorganization (Figure 4.5.3).
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Figure 4.3.9. Cyclic voltammograms collected in THF with ~1 mM analyte and 100 mM [nPr4N][BArF]
supporting electrolyte at a scan rate of 100 mV/s of 4.2-La(THF)-La(THF) (brown trace), 4.2-Nd-Nd (blue
trace), and 4.2-Dy-Dy (gray trace).

All three complexes displayed similar oxidation behaviors for the first redox wave
(Figure 4.3.10a, redox wave 1) with negligible differences in the peak potentials as a
function of RE3+ ionic radius (Figure 4.3.10b). No return wave was observed for 4.2La(THF)-La(THF) for the second redox feature, which was different from the quasireversibility of wave 2 observed for 4.2-Nd-Nd and 4.2-Dy-Dy. The irreversible nature of
wave 2 for 4.2-La(THF)-La(THF) was attributed to a chemical rearrangement, such as
dissociation of La(1), due to the relatively large size of La 3+ and low Lewis acidity
compared to the other RE3+ cations. The largest difference among the RE complexes
investigated was observed in third redox feature (Figure 4.3.10a, wave 3). No third
oxidation was observed for 4.2-La(THF)-La(THF), whereas for 4.2-Nd-Nd and 4.2-DyDy irreversible redox waves were observed. Wave 3 in the CV of 4.2-Dy-Dy was shifted
~170 mV toward more positive potentials compared to 4.2-Nd-Nd. This result was
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consistent with the increased charge density of the smaller Dy cation compared with the
Nd cation.14, 30

Figure 4.3.10. a) Cyclic voltammograms of 4.2-La(THF)-La(THF), 4.2-Nd-Nd, 4.2-Dy-Dy collected in
THF with ~1 mM analyte and 100 mM [nPr4N][BArF] supporting electrolyte at a scan rate of 100 mV/s. b)
Comparison of RE3+ ionic radius and electrochemical potentials. Bolded numbers associate redox waves in
a with data in b.

The difference in electrochemical potentials compared to the difference in ionic
radii of the rare earths investigated ( E/ r) was used to compare 4.2-RE1-RE2 to literature
reports. The E/ IR in redox wave 3 between 4.2-Nd-Nd and 4.2-Dy-Dy ( Epc3/ r = 2.07
VÅ-1, Epa3/ r = 1.71 VÅ-1) is large compared to the salophen framework (Table 4.3.2).
The complexes K[Nd(salophen)2] and K[Yb(salophen)2] exhibited Epc/ r = 0.97 VÅ-1
and Epa/ r = 0.65 VÅ-1.18 While larger differences in the Lewis acidity between the rare
earths investigated would have been expected to cause larger differences in the
electrochemical potentials, the potentials within the salophen framework were less
impacted by the rare earth than the catecholate framework. The complexes Eu(TriNOx)
and Y(TriNOx) were reported to have Ecenter/ r = 2.50 VÅ-1.14 This value represented a
~25% increase in E/ r as compared to the catecholate framework. The differences in
E/ r observed among these ligand frameworks was likely due to the proximity of the
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ligand-based redox event to the rare earth cation, and the scale of the associated chemical
rearrangement. For example, the Eu(TriNOx • ) and Y(TriNOx • ) complexes exhibited the
largest E/ r. The oxidation event occurred on atoms directly bound to the metal centers,
and resulted in a minor chemical rearrangement: one ligand arm shifted from a

2

to a

1

coordination mode. The complexes 4.2-Nd-Nd and 4.2-Dy-Dy were expected to have a
ligand radical in close proximity to two oxophilic rare earth cations chelated to O-atom
donors, and minimal ligand rearrangement. The salophen complexes exhibited redox
activity within the ligand backbone, as opposed to the primary coordination environment
of the rare earth, and formed a new C–C bond—the largest chemical rearrangement
observed of the complexes investigated—and thus exhibited the smallest E/ r. We expect
that E/ r could be increased through redox reactions occurring on atoms bound directly
to the rare earth core that do not result in chemical rearrangements. For example, a tripodal
N-oxysuccinimide ligand would be expected to have a large

E/ r value due to the

oxidation event occurring on an atom directly bound to the rare earth cation, and the
structure would be expected to maintain nearly identical geometries before and after the
redox event (Scheme 4.3.4). Large

E/ r values are expected to yield the largest

differences in both thermodynamic (electrochemical potential) and kinetic (current passed)
properties and have the greatest chemical separation of rare earth mixtures.
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Table 4.3.2. Comparison of 4.2-RE1-RE2 electrochemical data with literature reports. All potentials were
reported in V vs Fc/Fc+ . E/ r can be calculated by dividing the difference in electrochemical potentials
between two rare earths by the difference in their ionic radii using a coordination number of 8.2

Proligand

Ref

4.2-H3-H3

This work

Feature
Ionic
Radius (Å)
Epa3 (V)

Nd

Eu

Tb

Dy

Y

Yb

1.109

1.066

1.040

1.027

1.019

0.985

0.42

-

-

0.59

-

-

4.2-H3-H3

This work

Epc3 (V)

0.18

-

-

0.32

-

-

H(salophen)

18

Epa (V)

-0.97

-0.98

-0.92

-

-

-0.89

H(salophen)

18

Epc (V)

-2.50

-2.46

-2.46

-

-

-2.38

H3TriNOx

14

Ecenter (V)

-

-0.07

-

-

0.13

0.23

Scheme 4.3.4. Proposed tripodal N-oxysuccinimide framework expected to exhibit large E/ r values due
to oxidation event occurring on an atom directly bound to the rare earth cation, and no change to the
coordination mode. Curved lines in the backbone of the proposed framework represent a generic aliphatic
linker.

Prospects for Redox–Based Separations. The large difference in redox wave 2
between 4.2-La(THF)-La(THF) and 4.2-Nd-Nd could potentially be exploited to separate
mixtures of these two elements. Redox wave 2 was found to be irreversible for 4.2La(THF)-La(THF), likely due to a chemical rearrangement to form a complex of currently
unknown speciation: [La-R] (Scheme 4.3.5a). This observation suggested that the singly
oxidized La-containing complex, [La]+, could not be regenerated by reduction of [La]2+.
The analogous redox event for 4.2-Nd-Nd was found to be reversible, which suggested
[Nd] + could be regenerated by the elelectrochemical reduction of [Nd]2+ (Scheme 4.3.5b).
The putative species [Nd]+ and [La-R] would be expected to exhibit the largest difference
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in solubility properties, and would be the target of a redox-based separation. This could be
achieved by applying a +0.1 V vs Fc/Fc + potential to a mixture of [La]+ and [Nd]+ to
generate [La]2+ and [Nd]2+ (Scheme 4.3.5c). After [La]2+ undergoes chemical
rearrangement to form [La-R], a –0.2 V vs Fc/Fc + potential could be applied to regenerate
[Nd]+ and maintain the species [La-R] in solution. The difference in solubility properties
between [Nd]+ and [La-R] would then be used, either through liquid-liquid extraction or
selective precipitation, to afford the separation of these complexes. While this proposed
separation procedure has not yet been realized, it represents an opportunity to achieve
challenging La/Nd separations.

Scheme 4.3.5. Proposed speciation before and after redox wave 2 of 4.2-La-La (a) and 4.2-Nd-Nd (b).
Proposed redox-based separation procedure for mixtures containing 4.2-La-La and 4.2-Nd-Nd.

Precipitation–Based Separations. Differences in precipitation behavior were
observed during initial attempts to synthesize 4.2-Nd-H3 and 4.2-Dy-H3 on the benchtop
using 4.2-H3-H3 and Nd/Dy(NO3)3•6H2O in THF. While the identity of each species was
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unclear, this observation potentially offered a viable separations method for Nd/Dy
mixtures. To test this method, the separation of 1:1 Nd/Dy mixtures using 4.2-H3-H3 in
THF was examined. No precipitation was observed when only one equivalent of 4.2-H3H3 was used (Table 4.3.3, Entry 1), and was most likely caused by the formation of soluble
bimetallic complexes of the general form 4.2-RE1-RE2. Increasing to two equivalents of
4.2-H3-H3 at various concentrations led to precipitate formation (Table 4.3.3, Entries 2-4),
though only modest separations factors (SFNd/Dy ≤ 5.04) were achieved regardless of
reaction concentration. Together, these results suggested that precipitation–based
separations of Nd/Dy mixtures would not be efficient using 4.2-H3-H3.

Entry

Nd:Dy:4.2-H3-H3

[Nd] (mM)

EFsolid

EFfiltrate

SFNd/Dy

1*

1:1:1

30

-

-

-

2

1:1:2

7.5

2.50 ± 0.02

2.02 ± 0.26

5.04 ± 0.65

3

1:1:2

15

2.24 ± 0.21

1.78 ± 0.48

3.91 ± 0.74

4

1:1:2

30

1.81 ± 0.06

2.13 ± 0.07

3.86 ± 0.11

EF = enrichment factor. SF = separations factor. *No precipitation observed.
Table 4.3.3. Conditions for the separation of Nd and Dy using 4.2-H3-H3 in THF.

Liquid–Liquid Extraction–Based Separations. Liquid–liquid extractions using
4.2-H3-H3 were investigated due to its solubility in organic solvents and stability to water.
It was expected that 4.2-H3-H3 would be capable of extracting rare earth cations from the
aqueous phase into an organic phase. To test this hypothesis, an organic phase containing
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4.2-H3-H3 was contacted with an aqueous phase containing rare earth salts (Nd, Eu, Dy).
The results of the liquid–liquid extraction experiments are summarized in Table 4.3.4. In
general, a greater portion of the rare earth content was extracted into the organic phase with
decreasing solvent polarity. For example, the distribution coefficient (D) when using Et2O
as the organic solvent and H 2O as the aqueous solvent was at least three times greater than
D using EtOAc for all rare earths investigated (Table 4.3.4, Entries 1-2). This effect was
even more pronounced when using 0.1 M HCl as the aqueous phase, where D using Et2O
was more than 10 times greater than D achieved using EtOAc (Table 4.3.4, Entries 4-5).
The largest difference among the D was observed between Nd and Dy using H 2O and Et2O,
resulting in SFNd/Dy = 3.99 (Table 4.3.4, Entry 1). This value was found to be lower than
that of industrially relevant extractants HEHEHP and Cyanex ® 572 at SFNd/Dy = 50 and
69.5, respectively. However, the SFEu/Dy of 3.91 achieved using 4.2-H3-H3 in Et2O with
H2O as the aqueous phase of is comparable to the SFEu/Dy ~5 achieved by the industrial
extractants. It is expected that using organic solvents of even lower polarity, such as n–
hexanes, would improve the calculated SF, but such experiments were limited due to the
low solubility of 4.2-H3-H3 in such solvents.
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Organic
Phase
Et 2O

DNd

DEu

DDy

SFNd/Eu

SFNd/Dy

SFEu/Dy

1

Aqueous
Phase
H 2O

0.37

0.38

1.47

1.02

3.99

3.91

2

H 2O

EtOAc

0.10

0.12

0.12

1.19

1.18

0.99

3

H 2O

CH 2Cl2

0.08

0.06

0.06

0.73

0.83

1.14

4

0.1 M HCl

Et 2O

1.42

1.33

3.61

0.93

2.54

2.73

5

0.1 M HCl

EtOAc

0.08

0.07

0.16

0.91

1.96

2.16

0.1 M HCl

CH 2Cl2

0.07

0.04

0.08

0.59

1.15

1.94

0.1 M HCl

Aliphatic

-

-

-

9.8

50

5.1

Entry

6
4

HEHEHP

4

Cyanex ® 572
0.1 M HCl
Aliphatic
12.9
69.5
5.4
Experiments were performed at 0.02 M rare earth in the aqueous phase and 0.02 M 4.2-H3-H3 in the
organic phase with a contact time of 15 minutes. D = distribution coefficient. SF = separations factor.
Table 4.3.4. Conditions for liquid–liquid extraction experiments using 4.2-H3-H3, and comparison to liquid–
liquid extractions using HEHEHP and Cyanex ® 572.

Investigation of Cerium Chemistry. In addition to the 3 + oxidation state, cerium
has a readily accessible 4 + oxidation state. 31 The 4.2-RE1-RE2 framework represented an
opportunity to investigate multi-electron chemistry where the two cerium cations could
transfer their electrons to a substrate, potentially forming new bonds. Additional electrons
could also be obtained from oxidation of the catecholate moieties. To test this hypothesis,
we synthesized 4.2-Ce(THF)-Ce(THF) and performed preliminary electrochemical and
reactivity studies.
Reaction of 4.2-H3-H3 with two equivalents Ce[N(SiMe 3)2]3 in THF in an N2
atmosphere drybox led to the formation of a dark red solution. Removal of solvent and
subsequent washing with pentane afforded the isolation of the homobimetallic complex
4.2-Ce(THF)-Ce(THF) in 77% yield (Scheme 4.3.6). The 1H NMR spectrum, taken in
d 5–pyridine, demonstrated this complex to be C3v–symmetric in solution (Figure 4.5.11).
While stable as a solid and in solution under inert atmospheres, exposure of the NMR
sample to air resulted in an immediate color change from red to dark purple. This color
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change was not observed for samples containing 4.2-La-La, 4.2-Nd-Nd, or 4.2-Dy-Dy,
and was this attributed to oxidation of the Ce 3+ cations to Ce 4+.

Scheme 4.3.6. Synthesis of 4.2-Ce(THF)-Ce(THF).

X-ray diffraction analysis of crystals grown from concentrated benzene solutions
at room temperature revealed a similar catecholate binding mode for 4.2-Ce(THF)Ce(THF) (Figure 4.3.11) as the other 4.2-RE1-RE2 investigated (RE1 = RE2 = La, Nd,
Dy, Figure 4.3.1). The primary difference observed in the solid state structure of 4.2Ce(THF)-Ce(THF) was the coordinating THF molecules, as opposed to pyridine ones,
and was due to the crystallization conditions. The Ce(1) cation was coordinated by all six
catecholate–based oxygen atoms and the oxygen atom of an apical THF molecule for a
total coordination number of 7. The Ce(2) cation was bound to one THF–based and three
catecholate–based oxygen atoms as well as the nitrogen atoms of all three imines and the
tertiary amine for a total coordination number of 8.

140

Figure 4.3.11. Thermal ellipsoid plot of 4.2-Ce(THF)-Ce(THF) at the 50% probability level. Hydrogen
atoms and interstitial solvent molecules omitted, and tert–butyl groups depicted in wireframe for clarity.

The bond metrics of 4.2-Ce(THF)-Ce(THF), summarized in Table 4.3.5, were
within the range of those observed for 4.2-RE1-RE2 (RE1 = RE2 = La, Nd, Dy, Table
4.3.1).
Metric
Atom–Atom

Distance (Å)
4.2-Ce(THF)-Ce(THF)

Ionic Radius2

1.143 (CN = 8), 1.070 (CN = 7)

Ce(1)–Ce(2)
Ce(1)–O(2,4,6) (avg)
Ce(1)–O(1,3,5) (avg)

3.6593(5)
2.328(5)
2.538(5)

Ce(2)–O(1,3,5) (avg)
Ce(2)–Nimine (avg)
RE(2)–Ntert

2.350(5)
2.570(6)
2.668(6)

Atom–Centroid
Ce(1)–O(2,4,6)

0.521

Ce(1)–O(1,3,5)
Ce(2)–O(1,3,5)

1.967
1.707

Ce(2)–N(1,2,3)
1.045
Table 4.3.5. Selected bond metrics of 4.2-Ce(THF)-Ce(THF). CN = coordination number.

The cyclic voltammogram of 4.2-Ce(THF)-Ce(THF) was collected in 0.1 M
[nPr4N][BArF] solutions in THF. The complex exhibited a reversible redox wave at E1/2 =
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–1.06 V vs Fc/Fc+ (Figure 4.3.12) assigned as the Ce3+/4+ redox couple of one cerium
cation. The Ce3+/4+ redox couple of Ce(salophen)2, a complex with Ce in a similar
coordination environment as 4.2-Ce(THF)-Ce(THF), has been previously reported at E1/2
= –0.60 V vs Fc/Fc+ in CH3CN.32 This represented a ~460 mV stabilization of the Ce 4+
oxidation state in 4.2-Ce(THF)-Ce(THF) compared to Ce(salophen)2. Scanning further
anodically revealed a quasi-reversible oxidation at Epa = +0.20 V vs Fc/Fc+, assigned as the
Ce3+/4+ redox couple of the second cerium cation.

Figure 4.3.12. Cyclic voltammograms collected in THF with ~1 mM analyte and 100 mM [ nPr4N][BArF]
supporting electrolyte at a scan rate of 100 mV/s of 4.2-Ce(THF)-Ce(THF).

The assignment of the reversible redox wave at E1/2 = –1.06 V vs Fc/Fc+ as the
Ce3+/4+ redox couple was supported by treating a sample of 4.2-Ce(THF)-Ce(THF) in d5–
pyridine to a variety of oxidants (Figure 4.3.13). For example, excess solid I 2 was added
to 4.2-Ce(THF)-Ce(THF) in d 5–pyridine resulting in the tBu resonance at 7.36 ppm
shifting to 1.13 ppm. This ~6 ppm shift represented the paramagnetically shifted tBu
resonance moving to the diamagnetic region upon oxidation by I2, and was consistent with
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oxidation of the paramagnetic Ce 3+ cations to diamagnetic Ce 4+ cations. Similar changes
were observed when 2 equiv [Fc][BAr F ] were added to 4.2-Ce(THF)-Ce(THF), though
the resultant spectrum was slightly shifted from the analogous reaction with I2 due to the
mixture of d 5–pyridine and C6D6 used to collect the 1H NMR spectrum. Single crystals
suitable for X-ray diffraction analysis of the oxidized complex, [4.2-Ce(THF)Ce(THF)]X2 (X = I–, BArF –), have not yet been obtained due to the amorphous nature of
the isolated solids.

Figure 4.3.13. 1H NMR spectra in d 5–pyridine of 4.2-Ce(THF)-Ce(THF) before and after reaction with
oxida nts.

Due to the reducing nature of the Ce 3+/4+ redox couple and the available
coordination sites of 4.2-Ce(THF)-Ce(THF), we hypothesized that 4.2-Ce(THF)143

Ce(THF) would be able to reduce organic substrates and potentially form new bonds. 9–
fluorenone has a reported reduction potential at E1/2 = –1.67 V vs Fc +/Fc.33 Formally, the
oxidation potential of 4.2-Ce(THF)-Ce(THF) would not be sufficient to reduce 9–
fluorenone, though we hypothesized that coordination of 9–fluorenone to the Ce 3+ cation
would make the reduction of 9–fluorenone feasible for 4.2-Ce(THF)-Ce(THF), and
accomplish the expected reductive homocoupling of 9–fluorenone (Scheme 4.3.7a). The
complex 4.2-Ce(THF)-Ce(THF) was reacted with 2 equiv 9–fluorenone at 80 ºC in C6D6
in a sealed NMR tube for 16 h. After cooling to room temperature, X-ray quality red-orange
crystalline solid formed (Scheme 4.3.7b). Isolation and analysis of the solid revealed nearquantitative recovery of 4.2-Ce(THF)-Ce(THF). Evidently, no reaction occurred between
4.2-Ce(THF)-Ce(THF) and 9–fluorenone. The disparity in redox potentials between 4.2Ce(THF)-Ce(THF) and 9–fluorenone was likely the largest reactivity inhibitor, though
the steric bulk of 4.2-Ce(THF)-Ce(THF) and 9–fluorenone may have also contributed by
preventing the ketone moiety from directly interacting with the Ce 3+ cations thereby
preventing any potential activation of 9–fluorenone for reductive homocoupling.

Scheme 4.3.7. a) Proposed mechanism for reductive homocoupling of 9–fluorenone by 4.2-Ce(THF)Ce(THF). b) Synthetic conditions attempted to achieve reductive homocoupling of 9–fluorenone using 4.2Ce(THF)-Ce(THF).
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Other Catechol Ligands. Other catecholate–based proligands with varying
electronic and steric properties were investigated. One such proligand was
tren HC=N(tBucat)3, 4.4-H3-H3, which was synthesized in an analogous fashion to 4.2-H3-H3
by Schiff base condensation with 2,3–dihydroxy–5–tert–butyl–benzaldehyde, 4.3, in 95%
yield (Scheme 4.3.8). Proligand 4.4-H3-H3 was expected to have similar solubility
properties to 4.2-H3-H3, but decreased steric hindrance in the apical position of any
synthesized complexes due to the shifted position of the tert–butyl moiety. However, 4.4H3-H3 was found to hydrolyze readily upon exposure to atmosphere, which was likely due
to the lack of steric protection at the imine carbon otherwise observed in 4.2-H3-H3.

Scheme 4.3.8. Synthesis of aldehyde 4.3 and proligand 4.4-H3-H3.

Adding substituents to the imine -carbon was expected to increase its stability to
hydrolysis.34 Proligand 4.5-H3-H3 was synthesized in 98% yield by Schiff base
condensation 1,2–dihydroxy–3–methoxy–acetophenone (Scheme 4.3.9). The complex
was sparingly soluble in CHCl3 and CH2Cl2, but found to be completely insoluble in other
solvents including alcohols, THF, CH 3CN, pyridine, Et2O, and hexanes. Due to its lack of
solubility, coordination chemistry proligand 4.5-H3-H3 was not pursued.
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Scheme 4.3.9. Synthesis of proligand 4.5-H3-H3.

4.4

Conclusions
A tripodal, catecholate-based proligand, 4.2-H3-H3, was synthesized and

coordinated to La, Nd, and Dy to form homobimetallic complexes, 4.2-RE1-RE2.
Derivatives of 4.2-H3-H3 with varying steric and electronic properties, 4.4-H3-H3 and 4.5H3-H3, were also synthesized, but were found to hydrolyze readily or be insoluble in most
organic solvents and were thus not pursued. The homobimetallic 4.2-RE1-RE2 complexes
were characterized by 1H NMR, FT-IR, and X-ray crystallography. The monometallic
complex, 4.2-La-H3, was synthesized and used to synthesize the heterobimetallic
complexes 4.2-La-Nd and 4.2-La-Dy, which resulted in complex speciation containing the
homobimetallic complexes as well as the heterobimetallic complexes. The homobimetallic
complexes were studied using cyclic voltammetry and cation -dependent behavior was
uncovered. The complex 4.2-La-La exhibited one quasi-reversible and one irreversible
redox wave, where 4.2-Nd-Nd and 4.2-Dy-Dy exhibited two quasi-reversible and one
irreversible redox waves. All of the observed redox waves were assigned as ligand -based
catecholate to semi-quinonate oxidations. The first two redox features were virtually
identical between 4.2-Nd-Nd and 4.2-Dy-Dy, but a 170 mV anodic shift in the third redox
wave was observed for 4.2-Dy-Dy as compared to 4.2-Nd-Nd. The ratio of the differences
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in electrochemical potential related to the difference in ionic radii between the cations
considered, E/ r, was used to compare our findings to literature reports. We expect the
largest E/ r values will be achieved in rare earth complexes with redox events occurring
on atoms bound directly to the rare earth cation that do not result in significant chemical
rearrangements.

4.5

Experimental Section
General Methods. Reactions were performed under ambient conditions unless

otherwise specified. Reactions under inert atmosphere were performed using standard
Schlenk techniques or in a drybox equipped with a molecular sieves 13X / Q5 Cu -0226S
catalyst purifier system unless otherwise specified. Related glassware was oven-dried for
at least 3 hours at 150 C prior to use. 1H and 13C{1H} NMR spectra were obtained on a
Bruker DMX-300 Fourier transform NMR spectrometer at 300 MHz and a Bruker AVIII400 NMR spectrometer at 100.61 MHz, respectively, or on a Bruker DRX-500 NMR
spectrometer at 500 MHz and 126 MHz, respectively. Accurate mass measurement
analyses were conducted on either a Waters GCT Premier, time-of-flight, GCMS with
electron ionization (EI), or an LCT Premier XE, time-of- flight, LCMS with electrospray
ionization (ESI). Samples were taken up in a suitable solvent for analysis. The signals were
mass measured against an internal lock mass reference of perfluorotributylamine (PFTBA)
for EI-GCMS, and leucine enkephalin for ESI-LCMS. Waters software calibrates the
instruments, and reports measurements, by use of neutral atomic masses. The mass of the
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electron is not included. All dilutions were performed using appropriate class A volumetric
glassware. Elemental analyses were performed by Midwest Microlab (Indianapolis, IN).
Materials. All materials were purchased directly from commercial sources and
used

without

further purification, unless

otherwise

noted.

Tetrahydrofuran,

dichloromethane, and hexanes and were purchased from Fisher Scientific. All solvents
were sparged with dry argon for 30 minutes and dried using a commercial two -column
solvent purification system comprising columns packed with Q5 reactant and neutral
alumina, respectively (dichloromethane and hexanes), or two columns of neutral alumina
(THF). NMR solvents were purchased Cambridge Isotope Laboratories, Inc. and stored
over 4-Å molecular sieves prior to use.
X-Ray Crystallography. X-ray intensity data were collected using a Rigaku
XtaLAB Synergy-S geometry diffractometer, utilizing graphite-monochromated PhotonJet
Cu-Kα radiation (λ = 1.54184 Å) at 100(2) K. Rotation frames were integrated using
ChrysAlisPro,35 producing a list of unaveraged F2 and σ(F2) values which were then passed
to the SHELXT program package for additional processing and structure solution. 36
Intensity data were corrected for Lorentz and polarization effects and for absorption using
SCALE3 ABSPACK. Refinement was completed using full-matrix least squared based on
F2 using SHELXL-2015.37 All reflections up to θ = 29.97 ° were used during refinement.
Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were refined
using a riding model.

Electrochemistry. Electrochemical experiments were performed using a CH
Instruments 620D Electrochemical Analyzer/Workstation and the data were p rocessed
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using CHI software v9.24. All experiments were performed in an N 2 atmosphere drybox
using electrochemical cells that consisted of a 4 mL vial, glassy carbon (3 mm diameter)
working electrode, a platinum wire counter electrode, and a silver wire qu asi-reference
electrode. The working electrode surfaces were polished prior to each set of experiments,
and were periodically replaced on scanning > 0 V versus ferrocene (Fc) to prevent the
buildup of oxidized product on the electrode surfaces. Potentials were reported versus Fc,
which was added as an internal standard for calibration at the end of each run. Solutions
employed during the electrochemical studies were ~1 mM in analyte and 100 mM in
[nPr4N][B(3,5-(CF3)2-C6H3)4] ([nPr4N][BArF ]) or [nPr4N][PF6]. All data were collected in
a positive-feedback IR compensation mode. The solution cell resistances were measured
prior to each run to ensure resistances ≤ ~500

. Scan rate dependences were also

performed. Baseline corrections for the cyclic voltammetry data were done using the
CHI620D program package.
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Figure 4.5.1. Electrochemical characterization data of ~1 mM 4.2-La(THF)-La(THF) in THF with 100 mM
[nPr4N][BArF] supporting electrolyte. a) Scan rate dependence of oxidation event occurring a t Epa = +0.01 V
vs Fc/Fc+ . b) Scan rate dependence of oxidation event occurring at E1/2 = –0.52 V vs Fc/Fc+ . c) Square wave
voltammogram collected at a scan rate of 100 mV/s. d) Randles-Sevcik plot of oxidation event occurring at
E1/2 = –0.52 V vs Fc/Fc+ .
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Figure 4.5.2. Electrochemical characterization data of ~1 mM 4.2-Nd-Nd in THF with 100 mM
[nPr4N][BArF] supporting electrolyte. a) Isolation of irreversible oxidation event occurring at Epa = +0.42 V
vs Fc/Fc+ . b) Scan rate dependence of oxidation event occurring at E1/2 = –0.07 V vs Fc/Fc+ . c) Scan rate
dependence of oxidation event occurring at E1/2 = –0.50 V vs Fc/Fc+ . d) Square wave voltammogram
collected at a scan rate of 100 mV/s. e) Randles-Sevcik plot of oxidation event occurring at E1/2 = –0.07 V
vs Fc/Fc+ . f) Randles-Sevcik plot of oxidation event occurring at E1/2 = –0.50 V vs Fc+ /Fc.
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Figure 4.5.3. Electrochemical characterization data of ~1 mM 4.2-Dy-Dy in THF with 100 mM
[nPr4N][BArF] supporting electrolyte. a) Isolation of irreversible oxidation event occurring at Epa = +0.59 V
vs Fc/Fc+ . b) Scan rate dependence of oxidation event occurring at E1/2 = –0.04 V vs Fc/Fc+ . c) Scan rate
dependence of oxidation event occurring at E1/2 = –0.50 V vs Fc/Fc+ . d) Square wave voltammogram
collected at a scan rate of 100 mV/s. e) Randles-Sevcik plot of oxidation event occurring at E1/2 = –0.04 V
vs Fc/Fc+ . f) Randles-Sevcik plot of oxidation event occurring at E1/2 = –0.50 V vs Fc/Fc+ .
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Figure 4.5.4. Electrochemical characterization data of ~1 mM 4.2-Ce(THF)-Ce(THF) in THF with 100 mM
[nPr4N][BArF] supporting electrolyte. a) Scan rate dependence of quasi-reversible oxidation event occurring
at Epa = +0.20 V vs Fc/Fc+ . b) Scan rate dependence of oxidation event occurring at E 1/2 = –1.06 V vs Fc/Fc+.
c) Square wave voltammogram collected at a scan rate of 100 mV/s. d) Randles-Sevcik plot of oxidation
event occurring at Epa = +0.20 V vs Fc/Fc+ . e) Randles-Sevcik plot of oxidation event occurring at E1/2 = –
1.06 V vs Fc/Fc+ .

Fourier Transform Infrared Spectroscopy Measurements. Fourier transform
infrared (FT-IR) spectroscopy measurements were collected in transmission mode using a
Bruker Invenio R spectrometer. All samples prepared as KBr pellets under inert
atmosphere.
Inductively Coupled Plasma Optical Emission Spectroscopy Measurements.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were
performed using a Spectro Genesis ICP-OES spectrometer (SPECTRO Analytical
Instruments GmbH, Kleve, Germany) equipped with an integrated three channel peristaltic
pump and an ASX-260 auto-sampler (CETAC Technologies, Omaha, NE, USA). Samples
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solutions were delivered to the nebulizer using a Mod Lichte spray chamber and single-use
PVC PT-2140PF tubing (Precision Glassblowing, Centennial, CO, USA). Each data
acquisition was preceded by a 35 second rinse sequence at different pump speeds. Other
relevant parameters were previously optimized to give the smallest RSD and are
summarized in Table 4.5.1. Analytical plasma standard solutions were obtained from AlfaAesar (Specpure®, 1000 ppm of RE 2O3 in 5% HNO3). Calibrations were performed before
every set of experiments using a range of 7 standardized solutions (0-125 ppm). Calibration
curves were confirmed to have R2 > 0.999 for the selected elements. The following
wavelengths (nm) were used for element quantifications and reviewed for absence of
interferences: 333.749 (La), 364.540 (Dy), 368.842 (Dy), 430.358 (Nd) and were
consistent with literature recommendations. Potential instrumental drift was monitored by
continuously measuring Ar lines at 430.010 and 404.442 nm, and confirmed by analysis of
a standard solution every 30 samples and verifying the metal concentration remained
constant.
Instrument Conditions
Forward Power (W)
1350
Plasma gas flow rate (L min -1)
13.50
Auxiliary gas flow rate (L min -1) 1.00
Nebulizer Flow Rate (L min -1)
0.90
La 333.749
Nd 430.358
Wavelengths (nm)
Eu 368.842
Dy 364.540
Table 4.5.1. Instrumental and operational conditions for ICP-OES measurements.

Separation experiment samples were prepared by digestion of 5-8 mg of analyte in
2 mL of freshly prepared 4:1 HNO 3 (Fisher, Certified ACS Plus grade)/H 2O2 (Fisher, 30%
solution in water) mixture at 100 C for 5 minutes, followed by dilution with 10 mL MilliQ
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water to a concentration of ca. 5% HNO 3. Liquid–liquid extraction samples were prepared
by diluting 100 L of the aqueous phase with 10 mL 5% HNO3 water. CAUTION: This
digestion procedure is extremely oxidizing, releases NO x gases, and should only be
performed in a well-ventilated, hooded area while wearing appropriate personal protective
equipment (PPE).
General Procedure for Precipitation–Based Separations. To a stirring solution
of a 1:1 mixture Nd(NO 3)3•6H2O and Dy(NO3)3•6H2O in THF was added dropwise a
solution of 4.2-H3-H3 (1-2 equivalents) in THF. After 1 h, the reaction mixture was filtered
and the solid portion washed with THF (1

1 mL). The solid was dried on the frit and

filtrate evaporated. The RE content of the solid and filtrate portions was analyzed by ICPOES. All separation experiments were performed in triplicate and the results reported as
the average of the three trials ± one standard deviation. Separation factors were calculated
as the ratio of distribution coefficients between REs using data obtained from ICP-OES
analysis38 (D = distribution coefficient, SF = separation factor, EF = enrichment factor, n
= moles):

DRE =

[RE] solid
[RE]filtrate

[RE2] solid
[RE2]
DRE2
filtrate [RE2] solid [RE1]filtrate
SFRE2/RE1 =
=
=
×
DRE1 [RE1]solid [RE2]filtrate [RE1]solid
[RE1]filtrate
n RE1, filtrate
EFfiltrate =
n RE2, filtrate
n RE2, solid
EFsolid =
n RE1, solid

(4.1)

(4.2)

(4.3)
(4.4)
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Note: Enrichment factors were calculated in the precipitation-based separation method as
a metric for the purity of the RE of interest within a single phase.
General Procedure for Liquid–Liquid Extraction-Based Separations. The rare
earth-containing aqueous phase (0.02 M, 1 mL) was stirred in contact with the 4.2-H3-H3containing organic phase (0.02 M, 1 mL) for 15 minutes, after which the layers were
separated. The rare earth content of the aqueous phase ([RE] exp) was analyzed by ICP-OES,
and compared to stock solutions ([RE] stock) for determination of distribution coefficients,
DRE:
DRE =

[RE] stock – [RE] stock
[RE]filtrate

(4.5)

2,3–dihydroxy–4,6–di–tert-butyl benzaldehyde (4.1). 2,3–dihydroxy–4,6–di–
tert-butyl benzaldehyde was synthesized according to adapted literature procedures 25: 3,5di-tert-butylcatechol (15.0 g, 67.5 mmol) and urotropine (18.9 g, 134.9 mmol) were heated
with stirring at 130 ºC for 1 h in glacial acetic acid (70 mL). Hydrochloric acid (~4 M, 50
mL) was added carefully, and the reaction heated for an additional 30 minutes. The mixture
was allowed to cool to room temperature, then extracted with hexanes (3

70 mL). The

combined extracts were washed sequentially with water, NaHCO3 (sat. aq), dried with
Na2SO4, filtered, then evaporated under reduced pressure. The resulting solid was
dissolved in hot MeOH, filtered, then allowed to crystallize at low temperature (–25 ºC).
The yellow needles were isolated by filtration and washed with cold metha nol (10.3 g,
61%). 1H NMR (300 MHz, CDCl3): = 12.92 (s, 1H), 10.70 (s, 1H), 6.87 (s, 1H), 6.01 (s,
1H), 1.48 (s, 9H), 1.40 (s, 9H). The characterization data matched literature reports.
156

trenHC=N(H2tBu2cat)3 (4.2-H3-H3). To a stirring solution of 2,3–dihydroxy–4,6–di–
tert-butyl benzaldehyde (1.00 g, 4.0 mmol) in MeOH (10 mL) was added dropwise tris(2aminoethyl)amine (0.19 g, 1.3 mmol) in MeOH (1 mL). The solution quickly turned orange
and formed bright orange solid within 10 minutes. The mixture was allowed to stir for 16
hours, then the solid collected on a fine porosity sintered glass fritted funnel and washed
with MeOH (3

2 mL). The solid was dried under reduced pressure, then transferred to

the glove box as an orange solid (0.90 g, 83%). Single crystals suitable for X-ray analysis
were obtained by vapor diffusion of MeOH into a CH 2Cl2 solution. 1H NMR (300 MHz,
CD2Cl2):

= 15.81 (br s, 3H, H-CN), 8.90 (s, 3H, Ar-H), 7.06 (s, 3H, OH), 6.57 (s, 3H,

Ar-H), 3.73 (t, 3JHH = 6 Hz, 6H, CH2), 3.03 (t, 3JHH = 6 Hz, 6H, CH2), 1.39 (s, 27H, tBu),
1.37 (s, 27H, tBu). ESI-MS m/z calc. for C51H79N4O6 (M+H)+: 843.6000, found: 843.6015.
IR : 3400 cm -1 (O–H).
La[trenHC=N(HtBu 2cat)3] (4.2-La-H3). To a stirring solution of La[N(SiMe3)2]3
(0.050 g, 0.081 mmol) in THF (2 mL) was added dropwise 4.2-H3-H3 (0.068 g, 0.081
mmol) in THF (2 mL) in the drybox. The solution immediately turned dark red. After 3 h
at room temperature, volatiles were removed in vacuo. The dark red solid was triturated
with pentane (1

4 mL), then transferred to a fine porosity sintered glass fritted funnel,

washed with pentane (3 2 mL), then dried under reduced pressure to yield 4.2-La-H3 as
a yellow-orange solid (0.054 g, 69%). 1H NMR (400 MHz, d 5–pyridine): = 6.83 (s, 3H),
3.42 (s, 6H), 2.64 (s, 6H), 1.65 (s, 27H), 1.50 (s, 3H), 1.45 (s, 27H). IR : 3265 cm -1 (O–
H).
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La 2[trenHC=N(tBu 2cat)3](THF)2 (4.2-La(THF)-La(THF)). To a stirring solution of
La[N(SiMe3)2]3 (0.074 g, 0.12 mmol) in THF (2 mL) was added 4.2-H3-H3 (0.050 g, 0.06
mmol) in THF (2 mL) in the drybox. The solution immediately turned dark red. After 3 h
at room temperature, volatiles were removed in vacuo. The dark red solid was triturated
with hexanes (1

4 mL), then transferred to a fine porosity sintered glass fritted funnel,

washed with hexanes (3 2 mL), then dried under reduced pressure to yield 4.2-La(THF)La(THF) as a red-orange solid (0.064 g, 86%). Single crystals suitable for X-ray analysis
were obtained of 4.2-La(pyr)2-La(pyr) by precipitation from a concentrated pyridine
solution. 1H NMR (400 MHz, d 5–pyridine): = 9.02 (s, 3H), 6.88 (s, 3H), 3.75 (s, 6H),
3.67 (s, 8H) 3.14 (br s, 9H), 1.71 (s, 27H), 1.63 (s, 8H), 1.43 (s, 27H). Anal. calcd for
C59H88La2N4O8 [4.2-La(THF)-La(THF)]: C, 56.28; H, 7.04; N, 4.45. Found: C, 56.21; H,
7.49; N, 4.45.
Nd2[trenHC=N(tBu 2cat)3] (4.2-Nd-Nd). To a stirring solution of Nd[N(SiMe3)2]3
(0.075 g, 0.12 mmol) in THF (2 mL) was added 4.2-H3-H3 (0.050 g, 0.06 mmol) in THF
(2 mL) in the drybox. The solution immediately turned dark red. After 3 h at room
temperature, volatiles were removed in vacuo. The dark red solid was triturated with
hexanes (1 4 mL), then transferred to a fine porosity sintered glass fritted funnel, washed
with hexanes (3 2 mL), then dried under reduced pressure to yield 4.2-Nd-Nd as a redorange solid (0.058 g, 82%). Single crystals suitable for X-ray analysis were obtained of
4.2-Nd(pyr)2-Nd(pyr) by precipitation from a concentrated pyridine solution. 1H NMR
(300 MHz, d 5–pyridine): = 22.10 (s, 3H), 14.67 (s, 3H), 10.65 (s, 27H), 6.71 (s, 3H), 2.36
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(s, 3H), 1.82 (s, 27H), 1.19 (s, 6H), 0.84 (s, 6H). Anal. calcd for C51H72N4Nd 2O6 [4.2-NdNd]: C, 54.42; H, 6.45; N, 4.98. Found: C, 54.72; H, 6.53; N, 4.70.
Dy 2[trenHC=N(tBu 2cat)3] (4.2-Dy-Dy). To a stirring solution of Dy[N(SiMe3)2]3
(0.075 g, 0.12 mmol) in THF (2 mL) was added 4.2-H3-H3 (0.050 g, 0.06 mmol) in THF
(2 mL) in the drybox. The solution immediately turned dark red. After 3 h at room
temperature, volatiles were removed in vacuo. The dark red solid was triturated with
hexanes (1 4 mL), then transferred to a fine porosity sintered glass fritted funnel, washed
with hexanes (3

2 mL), then dried under reduced pressure to yield 4.2-Dy-Dy as a red-

orange solid (0.058 g, 79%). Single crystals suitable for X-ray analysis were obtained of
4.2-Dy(pyr)2-Dy(pyr) by precipitation from a concentrated pyridine solution. 1H NMR
(300 MHz, d 5–pyridine): = 69.82 (br s, 3H), 13.10 (s, 3H), 12.11 (br s, 3H), 1.75 (br s,
9H) 1.32 (s, 6H), 0.99 (s, 6H). Anal. calcd for C51H72Dy 2N4O6 [4.2-Dy-Dy]: C, 52.71; H,
6.24; N, 4.82. Found: C, 52.50; H, 6.65; N, 4.47.
LaNd[trenHC=N(tBu2cat)3] (4.2-La-Nd). To a stirring solution of 4.2-La-H (0.015
g, 0. 016 mmol) in THF (1 mL) was added Nd[N(SiMe3)2]3 (0.010 g, 0.016 mmol) in THF
(1 mL) in the drybox. After 3 h at room temperature, volatiles were removed in vacuo. The
dark red solid was triturated with hexanes (1

4 mL), then transferred to a fine porosity

sintered glass fritted funnel, washed with hexanes (3

2 mL), then dried under reduced

pressure to yield 4.2-La-Nd as a red-orange solid (0.015 g).
LaDy[trenHC=N(tBu2cat)3] (4.2-La-Dy). To a stirring solution of 4.2-La-H (0.020
g, 0.020 mmol) in THF (1 mL) was added Dy[N(SiMe3)2]3 (0.013 g, 0.020 mmol) in THF
(1 mL) in the drybox. After 3 h at room temperature, volatiles were removed in vacuo. The
159

dark red solid was triturated with hexanes (1

4 mL), then transferred to a fine porosity

sintered glass fritted funnel, washed with hexanes (3

2 mL), then dried under reduced

pressure to yield 4.2-La-Dy as a red-orange solid (0.019 g,).
Ce2[trenHC=N(tBu 2cat)3](THF)2 (4.2-Ce(THF)-Ce(THF)). To a stirring solution of
Ce[N(SiMe3)2]3 (0.10 g, 0.16 mmol) in THF (2 mL) was added 4.2-H3-H3 (0.068 g, 0.08
mmol) in THF (2 mL) in the drybox. The solution immediately turned dark red. After 3 h
at room temperature, volatiles were removed in vacuo. The dark red solid was triturated
with pentane (3

2 mL), then transferred to a fine porosity sintered glass fritted funnel,

washed with pentane (3 2 mL), then dried under reduced pressure to yield 4.2-Ce(THF)Ce(THF) as a red-orange solid (0.078 g, 81%). Single crystals suitable for X-ray analysis
were obtained from a concentrated benzene solution. 1H NMR (300 MHz, d 5–pyridine):
=12.37 (s, 3H), 11.60 (s, 3H), 7.36 (s, 27H), 2.58 (s, 6H), 1.88 (s, 27H), 0.63 (s, 6H) .
Oxidation of 4.2-Ce(THF)-Ce(THF). To a stirring solution of 4.2-Ce(THF)Ce(THF) (0.020 g, 0.017 mmol) in THF (2 mL) was added [Fc][BAr F] (0.035 g, 0.034
mmol) as a solution in THF (2 mL). After 3 h at room temperature, volatiles were
evaporated, and the resulting solid dried under reduced pressure. The crude product was
analyzed using 1H NMR spectroscopy without any further purification.
Reaction of 4.2-Ce(THF)-Ce(THF) with 9-fluorenone. A C6D6 (2 mL) solution
containing 4.2-Ce(THF)-Ce(THF) (0.020 g, 0.017 mmol) and 9–fluorenone (0.003 g,
0.017 mmol) was heated at 80 ºC for 16 h in a J-Young NMR tube. After 16 h, the mixture
was allowed to cool to room temperature at which point red-orange crystals formed. The
solid was filtered on a fine porosity sintered-glass fritted funnel. Single crystal X-ray
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analysis of the crystalline material revealed the product to be unreacted 4.2-Ce(THF)Ce(THF) (0.0194 g, near quant. recovery).
2,3–dihydroxy–5–tert-butyl benzaldehyde (4.3). 2,3–dihydroxy–5–tert-butyl
benzaldehyde was synthesized according to literature procedures 39: 5–tert–butyl–catechol
(2.08 g, 12.5 mmol), Et3N (6.2 mL, 46.9 mmol), and paraformaldehyde (2.35 g, 78.3 mmol)
were stirred in dry CH 3CN (125 mL) under inert atmosphere. MgCl 2 (3.58 g, 37.5 mmol)
was added as a solid in portions over 10 minutes, then the reaction mixture heated to reflux.
After 4 h, the reaction mixture was cooled to room temperature and diluted with HCl (10%,
50 mL). The mixture was stirred for 30 minutes, then extracted with Et 2O (5

25 mL). The

combined organics were dried with MgSO 4, filtered, then evaporated to yield a green oil.
The product could be purified by column chromatography (silica, 10% EtOAc/hexanes) to
yield 4.3 as an off-white solid (0.61 g, 25%). 1H NMR (300 MHz, CD2Cl2):

= 10.90 (s,

1H), 9.88 (s, 1H), 7.11 (s, 1H), 1.31 (s, 9H). The characterization data matched literature
reports.
trenHC=N(H2tBucat)3 (4.4-H3-H3). To a stirring solution of 2,3–dihydroxy–5–tertbutyl benzaldehyde (0.40 g, 2.1 mmol) in MeOH (2 mL) was added dropwise tris(2aminoethyl)amine (0.097 g, 0.66 mmol) in MeOH (0.5 mL). The solution quickly turned
orange and formed bright orange solid within 1 minute. The mixture was allowed to stir
for 2 hours, then the solid collected on a fine porosity sintered glass fritted funnel and
washed with MeOH (3

1 mL). The solid was dried under reduced pressure to yield 4.4-

H3-H3 as an orange solid (0.43 g, 95%). 1H NMR (300 MHz, d 6–DMSO): = 13.39 (br s,
3H), 8.71 (br s, 3H), 8.38 (s, 3H), 6.86 (s, 3H), 6.70 (s, 3H), 5.76 (s, 3H), 3.64 (br s, 6H),
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2.87 (br s, 6H), 1.19 (s, 27H). ESI-MS m/z calc. for C39H55N4O6 (M+H)+: 675.4116, found:
675.4137.
trenMeC=N(H2MeOcat)3 (4.5-H3-H3). In a round-bottom flask equipped with a DeanStark distillation apparatus was heated 2,3–dihydroxy–5–methoxy–acetophenone
monohydrate (5.00 g, 25.0 mmol), tris(2-aminoethyl)amine (0.91 g, 6.2 mmol), and para–
toluene sulfonic acid (0.11 g, 0.62 mmol) to 150 ºC in toluene (100 mL). After 16 h, the
heterogeneous mixture was allowed to cool to room temperature, then the solid filtered and
washed with toluene (3 25 mL). The solid was dried under reduced pressure to yield 4.5H3-H3 as a solid (3.92 g, 98%). 1H NMR (400 MHz, CDCl3): = 16.29 (br s, 3H), 6.68 (d,
3J

HH

= 8 Hz, 3H), 6.08 (d, 3JHH = 8 Hz, 3H), 3.91 (s, 9H), 3.77 (br s, 6H), 3.03 (br s, 6H),

2.30 (s, 9H). ESI-MS m/z calc. for C33H43N4O9 (M+H)+: 639.3025, found: 639.3040.

Figure 4.5.5. 1H NMR of 4.1 in CDCl3.
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Figure 4.5.6. 1H NMR of 4.2-H3-H3 in CD2Cl2.

Figure 4.5.7. 1H NMR of 4.2-La-H3 in d 5–pyr.
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Figure 4.5.8. 1H NMR of 4.2-La(THF)-La(THF) in d 5–pyr.

Figure 4.5.9. 1H NMR of 4.2-Nd-Nd in d 5–pyr.
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Figure 4.5.10. 1H NMR of 4.2-Dy-Dy in d 5–pyr.

Figure 4.5.11. 1H NMR of 4.2-Ce(THF)-Ce(THF) in d 5–pyr.
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Figure 4.5.12. 1H NMR of 4.3 in CDCl3.

Figure 4.5.13. 1H NMR of 4.4-H3-H3 in d 6–DMSO.
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Figure 4.5.14. 1H NMR of 4.5-H3-H3 in CDCl3.
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CHAPTER 5: Ligation and Speciation of 3d Metal Pyridyl Nitroxide
Complexes and Initial Efforts Toward Magnetic Field Based Redox
Separations

5.1

Abstract
Concerns over the continued, and ethical supply chains for cobalt have led

increased interest in expanded recycling of this metal from end of life technology,
especially lithium cobalt oxide (LiCoO2)-containing batteries. Currently, ~32% of cobalt
is recycled from end of life technology, and predominantly through energy-intensive
pyrometallurgical methods. Practical advances have been made to recover cobalt from
battery cathode materials using lower energy methods, but none have applied fundamental
coordination chemistry principles to this problem. We report the synthesis and
characterization of Co(2–tBuNO–C5H4N)2 (Co(5.1)2) and Zn(2–tBuNO–C5H4N)2
(Zn(5.1)2). The complex Zn(5.1)2 was found to exhibit solvent- and temperaturedependent speciation. Magnetic field-dependent electrochemical behavior was examined,
where the current passed in an oxidation event could potentially change in the presence of
a magnetic field for both complexes in preliminary studies. The electrochemistry of
cobaltacene was unaffected by the magnetic field, thus potentially implicating the
importance of the coordination environment in the electrochemical response to the
magnetic field. We expect further studies into the magnetoelectrochemistry of cobalt can
be applied in recycling this element from end of life technology.
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5.2

Introduction
A growing market for hybrid- and electric-vehicle batteries is dominated by the use

of lithium cobalt oxide (LiCoO2) batteries, due to their relatively low price and high
energy-to-weight ratio compared to nickel-metal hydride batteries.1-2 Half of all globally
refined cobalt is used in such batteries.3-4 Over 60% of the global supply of cobalt is mined
in the Democratic Republic of Congo (DR Congo), with 10-15% supplied by artisanal
mines (Figure 5.2.1a).5-6 Such mining operations for cobalt have negative societal and
environmental impacts, which include use of child labor and ore-contaminated dust in the
local mining communities.7 These issues, along with concerns about the reliability of the
cobalt supply chain, have motivated investigation into alternate sources of this element.1
Recycling end-of-life technology, such as LiCoO2 batteries, represents an attractive
secondary source for this element.

Figure 5.2.1. a) Global supply of cobalt by country. b) Schematic of industrial cobalt extraction process.
Boxes and lines in red designate steps that could be added to use current processing technology to recycle
end of life technology. Adapted with permission from reference 8 © 2019 Elsevier.
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The life cycle inventory of cobalt reveals the cost and environmental burden of
mining and processing of battery-grade Co3O4 from primary ores through
pyrometallurgical methods.9 Producing 1 ton of Co3O4 consumes 62 mmBtu of energy and
20,000 gallons of water while emitting into the atmosphere 45 kg of particulate matter, 5
kg SO2, and 500 kg CO2 without including the emissions of any associated transportation.
Cobalt is primarily recycled through pyrometallurgical methods similar to those used in
the processing of primary ores (Figure 5.2.1b).10 Recycling cobalt has been estimated to
have 38% of the cost of primary mining, consume 65% less energy, and generate 30%
fewer greenhouse gas emissions (Table 5.2.1).11 These metrics represent important
advantages of recycling over processing primary ores. Currently, ~32% of this element is
recycled from end-of-life technology.12
Table 5.2.1. Comparison of resource consumption and emissions between processing of primary ores vs
recycling LiCoO2 batteries.11
Metric

Primary Ores

Recycling

Cost ($/kg “ore”)

62

23

Energy consumption (MJ/kg)

77

27

CO2 emissions (kg CO2/kg)

11

8

While pyrometallurgical methods are relatively straightforward and do not require
any pretreatment steps to be performed (e.g. device disassembly, passivation), cobalt
recycling would benefit from lower-energy alternatives.13 Further, additional processing
steps are required to separate the mixtures of Co and Ni commonly used together in
batteries.14 Toward these goals, researchers have investigated the use of deep eutectic
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solvents,15 citric acid leachants,16 size-based shredding,17 and solvent extraction.14 While
these efforts represent important practical advances in the field of cobalt recycling, they do
not leverage the fundamental coordination chemistry of this metal, and reactivity of the
metal complex as a whole.
The ligand field surrounding a metal center modulates the metal’s properties. As a
general example: hard, anionic donors will stabilize metals in high oxidation states, where
softer, neutral donors favor lower oxidation states according to Pearson’s hard and soft
acid-base theory.18-19 Further, a ligand’s steric properties and denticity (i.e. monodentate,
bidentate) can enforce specific coordination geometries surrounding a metal, thereby
influencing the relative energies of the d-orbitals.18 Such ligand influences manifest in the
redox and magnetic properties of the metal, and reactivity of the complex. For example,
the Shores group has shown that modulating the electronic properties of a pincer ligand
resulted in a nearly isostructural molecular cobalt complexes with different spin states (e.g.
high spin vs low spin, Figure 5.2.2a).20 The Thummel group has shown that adjustments
to the planarity and rigidity of cobalt-terpyridine complexes, where the electronic and
steric properties have not been significantly impacted, influenced the turnover numbers
(TON) of catalytic proton reduction to dihydrogen in aqueous media (Figure 5.2.2b).21
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Figure 5.2.2. a) Previously reported Co2+-pincer complexes with similar structural properties, but differing
electronic properties resulting in complexes with high spin (I), low spin (II), and partial spin-crossover (III)
configurations.20 Adapted with permission from reference 20 © 2020 Royal Society of Chemistry. b)
Previously reported Co2+-terpyridine complexes with similar coordination environments, but exhibit different
catalytic reactivity.21 Adapted with permission from reference 21 © 2015 American Chemical Society.

We were thus interested in probing the effects of coordination chemistry and
external stimuli, such as an applied magnetic field, on the redox properties of cobalt
complexes. We were also interested in studying applied magnetic field effects with other
metals that appear in LiCoO2 batteries, such as Ni. We expect the paramagnetic Co2+ cation
to respond to applied magnetic fields due to alignment of its unpaired spins with the field,
but would not expect the diamagnetic, redox-active, Ni2+ to be affected by an applied
magnetic field.
The impact of applied magnetic fields on electrochemical phenomena has been
broadly investigated. For example, the magnetic fields have been shown to increase chargetransfer resistance in electrochemical double layers,22 increase the thickness of
electrodeposited metals and alloys through the magnetohydrodynamic effect,23 and
corrosion at metal surfaces through Lorentz forces.24 Our group has recently investigated
the application of magnetic fields to enhance rare earth separations by selective
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crystallization of paramagnetic complexes next to a permanent magnet, due to the
alignment of the paramagnetic cations with the magnetic field.25 Cobalt(II) is paramagnetic
in all coordination environments and spin states due to its odd number of electrons, and its
complexes are expected to be influenced by applied magnetic fields. For example,
paramagnetic cations have been shown to diffuse through a membrane at a greater rate in
the presence of a magnetic field than in absence of the magnetic field.26 Further, molecular
cobalt has multiple readily accessible oxidation states, namely 2+ and 3+, that can be
studied using cyclic voltammetry.27 We were thus interested in exploring the impact of
magnetic fields on the electrochemical behavior of transition metal complexes and its
potential application in separating mixtures containing cobalt through magnetoelectrochemical methods. Also of interest were redox active ligands with multiple
oxidation states, such as pyridyl nitroxides, that stand to exhibit magnetic field-dependent
behavior when chelated to diamagnetic metal centers.
The Ishida group has reported 3d–metal complexes, namely Ni2+ and Cu2+,
chelated to the pyridyl nitroxide organic radical 2–tBuNO•–C5H4N (PyNO•, 5.1•), and its
derivatives (Figure 5.2.3).28-31 These complexes have been shown to exhibit
intramolecular antiferromagnetic coupling between paramagnetic metal centers and the
ligand radicals, and both intramolecular and intermolecular antiferromagnetic coupling in
the case of diamagnetic metal centers.30 Complexes featuring both 5.1• and the ligand’s
anionic form, (PyNO–, 5.1–), have also been synthesized, and reported to exhibit
temperature-dependent antiferromagnetic coupling between the paramagnetic metal center
and the paramagnetic 5.1•.28
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Figure 5.2.3. a) Previously reported synthesis of [M(5.1•)2]2+. Previously reported thermal ellipsoid plots of
[Ni(5.1•)2(OH2)2](ClO4)2 (a) and Cu(5.1•)2(ClO4)2 (b).30 Perchlorate anions and hydrogen atoms omitted for
clarity. Adapted with permission from reference 30 © 2007 American Chemical Society.

Hydroxylamines have been shown to exhibit multiple, stable redox states: anionic
aminoxyl [N–O]–, neutral nitroxide [N–O]•, and positively charged oxoammonium
[N=O]+.32-34 Our group has previously reported upon an electrochemical study of a series
of pyridyl hydroxylamines with differing steric and electronic properties (Scheme 5.2.1).35

Scheme 5.2.1. General synthesis of N–tert–butyl–N–pyridylhydroxylamines. X = Br, I; R = aliphatic
groups.35

As a selected example, the cyclic voltammogram of N–tert–butyl–N–2–[5–
(methylthio)pyridyl]–hydroxylamine was shown to exhibit two reversible redox waves
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associated with a one electron oxidation from hydroxylamine to a nitroxide radical
followed by a second one electron oxidation to an oxoammonium cation (Figure 5.2.4).
The last redox wave (Epa = ~1.3 V vs SCE) was likely due to oxidation of the thioether
moiety.

Figure 5.2.4. Cyclic voltammogram of N–tert–butyl–N–2–[5–(methylthio)pyridyl]–hydroxylamine
collected in CH3CN with 0.1 M [nBu4N][PF6] supporting electrolyte. Reproduced with permission from
reference 35 © 2013 American Chemical Society.

Taken together, these previous reports suggested that cobalt complexes of the form
Co(5.1)2 should be isolable, and stable at varying oxidation states of both the metal and the
ligand. We expected that Co(5.1)2 would exhibit differences in its electrochemistry in the
presence of an applied magnetic field, due to the paramagnetic metal center interacting
with the magnetic field, that would not be observed in complexes with diamagnetic metal
centers, such as Ni(5.1)2 and Zn(5.1)2. These differences could then be exploited to
separate battery-relevant Co/Ni mixtures.14 Herein, we report the synthesis and
characterization of Co(5.1)2 and Zn(5.1)2. Attempts to isolate Ni(5.1)2 were unsuccessful.
Three quasi-reversible redox waves were observed in the cyclic voltammogram of Co(5.1)2
assigned to the Co2+/3+ couple, and two 5.1–/• couples. One irreversible redox wave was
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observed for Zn(5.1)2, assigned as a 5.1–/• couple. We found both ligand- and metal-based
quasireversible redox waves in the cyclic voltammogram of Co(5.1)2 may exhibit increased
current passed in the presence of an applied ~0.2 T magnetic-field. The complex Zn(5.1)2
served as a control with a redox-inactive, diamagnetic, metal center, that may exhibit
increased current of the irreversible oxidation wave. The increased current was likely
caused by an interaction of a ligand radical, 5.1–/•, with the magnetic field. Further, Zn(5.1)2
was shown to be a dimer in the solid state of the form [Zn(5.1)2]2 with solvent- and
temperature-dependent solution speciation.

5.3

Results and Discussion
Synthesis of Complexes. The complex Co(5.1)2 was prepared by stirring CoI2 with

two equiv of PyNOH (H5.1) in THF, followed by deprotonation with KH at room
temperature (Scheme 5.3.1). After stirring overnight, the solvent was removed under
reduced pressure and the residue extracted with hexanes, leaving behind teal solid
(presumably K2CoI4). Evaporation of hexanes yielded Co(5.1)2 as a purple crystalline solid
in 42% yield. The low yield was due to unproductive side reactivity, such as the formation
of K2CoI4. The complex was stable under inert atmosphere, but quickly changed color upon
exposure to oxygen presumably due to oxidation of the cobalt center.

Scheme 5.3.1. Synthesis of M(5.1)2.
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The 1H NMR spectrum of this complex in CD3CN contained five broad peaks from
+33 to –19 ppm (Figure 5.5.1), consistent with a paramagnetic complex in a single ligand
environment. The 1H NMR spectrum of Co(5.1)2 collected in less polar solvents, such as
CD2Cl2, contained resonances slightly shifted from the spectrum collected in CD3CN, but
otherwise indicated the same solution speciation (Figure 5.5.2). Single crystals of Co(5.1)2
suitable for X-ray diffraction were grown by evaporation of hexanes, revealing a fourcoordinate cobalt center with a

4

value of 0, indicating a perfectly square planar geometry

(Figure 5.3.1a).36 A similar binding motif has been observed in analogous CuII and NiII
complexes, though these complexes were octahedral and comprised an oxidized form of
the ligand—[5.1]• (Figure 5.2.3a,b).28-31

Figure 5.3.1. Thermal ellipsoid plots at the 50% probability level of Co(5.1)2 (a) and previously reported
[Co(ONMe3)4]2+ 37(b) and [Co(Im2PyNO•)2(OH2)2]2+ 38(c). Hydrogen atoms omitted for clarity.

The Co–O bond length of Co(5.1)2 was 1.8055(11) Å, which was shorter than the
analogous bond in other hydroxylamine-featuring complexes (Table 5.3.1), such as the
distorted tetrahedral [Co(ONMe3)4]2+ (1.948(3) Å, Figure 5.3.1b),37 and the octahedral
[Co(Im2pyNO•)2(OH2)2]2+ (2.011(4) Å, Figure 5.3.1c).38 This shortened Co–O bond
length suggested a stronger bonding interaction in Co(5.1)2 than in the other complexes.
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The N–O bond of Co(5.1)2 was 1.4140(16) Å and equivalent within error to that of
[Co(ONMe3)4]2+, both of which are consistent with the N–O bond lengths of the aminoxyl
anion resonance form (~1.45 Å).29 The N–O bond length of [Co(Im2pyNO•)2(OH2)2]2+
was shortened at 1.339(6) Å and consistent with the bond length of the nitroxide resonance
form of the ligand (~1.3 Å).29
Table 5.3.1. Selected bond metrics of Co(5.1)2 and other Co2+ complexes featuring hydroxylamine-type
ligands.
Co(5.1)2

[Co(ONMe3)4]2+

[Co(Im2PyNO•)2(OH2)2]2+

Reference

This work

37

38

Geometry

square planar

distorted tetrahedral

octahedral

Co–O (Å) (avg)

1.8055(11)

1.948(3)

2.011(4)

Co–N (avg) (Å)

1.869(13)

-

2.134(5)

N–O (Å)

1.4140(16)

1.413(4)

1.339(6)

0

0.80

-

Metric

4

The electronic absorption spectrum of Co(5.1)2, collected in CH3CN, contained
broad absorbances with peaks centered around 270, 360, and 420 nm attributed to MLCT
bands with shoulders near 290 and 470 nm (Figure 5.3.2). The shoulder near 470 nm was
attributed to weak d–d transitions. These assignments were supported by time-dependent
density functional theory (TD–DFT)

calculations (B3LYP/def2-SVP) generously

performed by Subhajyoti Chaudhuri, PhD, in collaboration with the Schatz group at
Northwestern University. The best fit was obtained when two solvent molecules were
explicitly bound to the cobalt center, and suggested that Co(5.1)2 was likely coordinated to
two axial CH3CN molecules in solution. This coordination motif would be consistent with
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the octahedral solid state structure previously reported for [Co(Im2pyNO•)2(OH2)2]2+
(Figure 5.3.1c).38

Figure 5.3.2. Electronic absorption spectrum of 0.083 mM Co(5.1)2 in CH3CN (red line) and TD–DFT
(B3LYP/def2-SVP) simulated electronic absorption spectrum of Co(5.1)2 (blue bars).

The complex Zn(5.1)2 was prepared by stirring ZnCl2 with two equiv of PyNOH
(H5.1) in THF, followed by deprotonation with KH at room temperature (Scheme 5.3.1).
After stirring overnight, the mixture was filtered through a Celite-packed, coarse porosity
fritted filter, and the volatiles evaporated to yield yellow solid. The yellow solid was
washed with pentane and dried under reduced pressure to yield Zn(5.1)2 as a yellow-orange
solid in 59% yield. Single crystals suitable for X-ray diffraction grown by concentration of
a CH2Cl2 solution that was chilled at –25 C that revealed a dimeric structure, [Zn(5.1)2]2
(Figure 5.3.3a). Each Zn2+ cation is coordinated to two equiv of [5.1]1– through the pyridyl
nitrogen atoms and the aminoxyl anion oxygen atoms. Each Zn(5.1)2 monomer contributes
a bridging aminoxyl anion oxygen atom to the other Zn(5.1)2 monomer, giving each Zn2+
cation a coordination number of 5 with a

5

value of 0.504, indicating a geometry

intermediate between square pyramidal and trigonal bipyramidal.39 The Ishida group has
182

reported a similar dimeric structure in [Cu(5.1)(5.1•)]2(BF4)2, in which the weakly
coordinating tetrafluoroborate anion was not directly bound to the Cu2+ cations, and there
was a bridging interaction through the nitroxide O–atoms (Figure 5.3.3c).28

Figure 5.3.3. a) Thermal ellipsoid plot of [Zn(5.1)2]2 at the 50% probability level. Hydrogen atoms omitted
for clarity. b) Previously reported thermal ellipsoid plot of Zn(NITmepy)Cl2 at the 50% probability level.40
Hydrogen atoms omitted for clarity. Adapted with permission from reference 40 © 2001 Royal Society of
Chemistry. c) Previously reported thermal ellipsoid plots at the 50% probability level of
[Cu(5.1)(5.1•)]2(BF4)2 and d) Cu(5.1)(5.1•)(BF4).28 Tetrafluoroborate anions and hydrogen atoms omitted for
clarity. Adapted with permission from reference 28 © 2010 American Chemical Society.

The most notable differences between the bond lengths of [Zn(5.1)2]2 and
[Cu(5.1)(5.1•)]2(BF4)2 were observed in the N–O bonds, which can be diagnostic of the
redox form of the ligand (Table 5.3.2).29 The N(1)–O(1) bonds were ~1.4 Å for both
complexes, and were closer to the typical N–O bond length of aminoxyl anion ligands
(~1.46 Å) than of nitroxides (~1.3 Å),29 suggesting the bridging ligand was present as the
anionic [5.1]–. The N(2)–O(2) bond length of [Zn(5.1)2]2 was 1.371(5) Å, which was 0.032
Å shorter than the N(1)–O(1) bond. While this bond length was closer to that of [5.1]• than
[5.1]–, the bridging ligand was assigned as [5.1]– due to the diamagnetic 1H NMR spectrum
of [Zn(5.1)2]2 (vide infra). The analogous bond of [Cu(5.1)(5.1•)]2(BF4)2 was 1.3024(8)
Å, which was consistent with the nitroxide resonance form, [5.1]•.29 (Table 5.3.2).41 The
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redox states of the ligand in [Zn(5.1)2]2 were further supported by comparison with an
imidazole congener, Zn(NITmepy)Cl2 (Figure 5.3.3b) which had a N(1)–O(1) bond
length of 1.305(5) Å40—0.06 Å shorter than the analogous bond in [Zn(5.1)2]2 and
consistent with the length of the N–O bond in a nitroxide. The Zn(1)–O(1) bond length of
[Zn(5.1)2]2 was 0.05 Å longer than in Zn(NITmepy)Cl2 and was consistent with the
difference in ionic radii between the Zn2+ ions with different coordination numbers.41
Notably, Zn(1)–Npy was 0.06 Å shorter in [Zn(5.1)2]2, though this was likely due to the
difference in ligand backbones, where only one carbon atom separated N(1) and Npy in
[Zn(5.1)2]2 and two carbon atoms separated the analogous atoms in Zn(NITmepy)Cl2.
Table 5.3.2. Selected bond metrics of [Zn(5.1)2]2 and previously reported Zn(NITmepy)Cl2 and
[Cu(5.1)(5.1•)]2(BF4)2. CN = coordination number.
Metric
Reference
Ionic radius (Å)41

[Zn(5.1)2]2

Zn(NITmepy)Cl2

[Cu(5.1)(5.1•)]2(BF4)2

This work

40

28

0.68 (CN = 5)

0.6 (CN = 4)

0.65 (CN = 5)

M(1)–O(2) (Å)

1.992(3)

-

1.9813(6)

M(1)–O(1) (avg) (Å)

2.080(4)

2.034(3)

2.1372(6)

M–Npy (avg) (Å)

2.035(4)

2.091(4)

1.9344(6)

N(1)–O(1) (Å)

1.371(5)

1.305(5)

1.3024(8)

N(2)–O(2) (Å)

1.403(5)

1.259(6)

1.4091(7)

Geometry Index

5

= 0.504

4

= 0.83

5

= 0.11

Notably, X-ray diffraction analysis at elevated temperatures of a different
crystalline phase of [Cu(5.1)(5.1•)]22+ was reported to reveal the presence of an additional
monomeric species, Cu(5.1)(5.1•)(BF4) (Figure 5.3.3d).28 This reported result suggested
it should be possible to observe the monomeric Zn(5.1)2 in addition to the dimeric
[Zn(5.1)2]2. Indeed, a 1H NMR spectrum of Zn(5.1)2 in d5–pyridine revealed a single set
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of sharp resonances consistent with a monomeric species with the ligands in an equivalent
chemical environment (Figure 5.5.4). However, the 1H NMR of the same sample collected
in C6D6 revealed two sharp and two broadened aromatic resonances, in addition to multiple
alkyl resonances corresponding to the tert–butyl moiety (Figure 5.5.5). This result
suggested that there was potentially a mixture of species present, with Zn(5.1)2 in
equilibrium with the [Zn(5.1)2]2 complex that was observed in the solid state. Variable
temperature 1H NMR spectra collected in d8–toluene at 350 K revealed a resolution of the
spectrum into a single, monomeric species consistent with the spectrum collected in d5–
pyridine at room temperature (Figure 5.3.4). Lowering the temperature to 225 K resulted
in the growth of 8 additional aromatic and two aliphatic resonances and two consistent with
the dimeric species observed in the solid state with two chemically distinct environments.
Additional resonances associated with the monomeric species were nevertheless still
observed at 225 K, likely due to the presence of residual THF in the NMR solvent
coordinating to the metal center.
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Figure 5.3.4. Variable temperature 1H NMR spectra of Zn(5.1)2/[Zn(5.1)2]2 in d8–toluene.

Zn(5.1)2 was stable under inert atmosphere as a solid and in solution, but solutions
exposed to atmosphere gradually changed from yellow to colorless. This complex was
insoluble in CH3CN, Et2O, and pentane, but readily dissolved in THF, pyridine, benzene,
toluene, and CH2Cl2. The difference in CH3CN solubility between Co(5.1)2 and Zn(5.1)2
could potentially be used to accomplish thermodynamic separations of these metals, but
this direction was not investigated (vide infra). The electronic absorption spectrum of
Zn(5.1)2, collected in THF, contained a strong absorbance centered around 292 nm. This
absorbance was ~20 nm red shifted compared to the highest energy MLCT band observed
in Co(5.1)2, and was assigned as an MLCT band on the basis of this comparison. TD-DFT
calculations to definitively assign the electronic absorption spectrum of Zn(5.1)2 are
ongoing.
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Figure 5.3.5. Electronic absorption spectrum of 1.41 mM Zn(5.1)2 collected in THF.

Though octahedral complexes of the form [Ni(5.1•)2(OH2)2]2+ have been reported
(Figure 5.2.3b), Ni complexes using the anionic [5.1]– have not previously been isolated.2931

Combining NiCl2 with two equiv H5.1 in THF, followed by deprotonation with KH

resulted in the formation of a cloudy red-brown mixture. The mixture was filtered and
volatiles removed under reduced pressure to yield a red-brown residue. Analysis of the
crude product by 1H NMR in CD3CN and CD2Cl2 revealed the presence of multiple aryl
and aliphatic resonances originally attributed to the presence of excess H5.1 (Figure 5.5.6).
The formation of insoluble dark green and black solids was observed over the course of
purification efforts, such as crystallization and washing with pentane or Et2O. The 1H NMR
spectrum of the soluble portion collected in d5–pyridine revealed a significantly broadened
spectrum (Figure 5.5.7). The formation of additional dark solids was observed upon
removal of the sample from the NMR spectrometer. The persistent formation of insoluble
materials during the purification and characterization of Ni(5.1)2 prevented the collection
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of analytical data for comparison with Co(5.1)2 and Zn(5.1)2. The identity of the insoluble
materials could not be discerned, though we speculated the green solids may be Ni(OH)2
formed by hydrolysis with adventitious water.
Electrochemical Characterization. The cyclic voltammograms (CVs) were
collected by myself, or Robert F. Higgins, PhD, and the data reproduced by each other.
The CV of cobaltocene (Co(Cp)2) was not reproduced. The CV of Co(5.1)2 in CH3CN
exhibited three quasi-reversible oxidation features with peak potentials at Epa = –0.22,
+0.32, and +0.84 V vs Fc/Fc+ (Figure 5.3.6a, blue trace, Fc = ferrocene), to the CoII/III
couple, followed by two sequential [5.1]–/• oxidations, respectively. The assignment of the
first redox wave (Epa = –0.22 V vs Fc/Fc+) in the CV of Co(5.1)2 was supported by the
oxidation of a solution of Co(5.1)2 in CD3CN using FcPF6, which resulted in a 1H NMR
spectrum with broadened features in the diamagnetic region (Figure 5.5.3). This
observation was consistent with oxidation of a paramagnetic CoII species to a low-spin,
diamagnetic CoIII complex.

188

Figure 5.3.6. a) Cyclic voltammogram of Co(5.1)2 with (red and green traces) and without (blue and black
traces) an applied ~0.2 T magnetic field, collected in CH3CN with [nPr4N][BArF] supporting electrolyte at a
scan rate of 100 mVs–1. b) Comparison of experimental and DFT (B3LYP/def2SVP, two coordinating
CH3CN molecules included) calculated oxidation potentials of Co(5.1)2. c) Cyclic voltammogram of Co(Cp)2
with (red trace) and without (blue trace) an applied ~0.2 T magnetic field, collected in THF with [nBu4N][PF6]
supporting electrolyte at a scan rate of 50 mVs–1. d) Cyclic voltammogram of Zn(5.1)2 with (red and green
traces) and without (blue and black traces) an applied ~0.2 T magnetic field, collected in THF with
[nPr4N][BArF] supporting electrolyte at a scan rate of 100 mVs–1.

The assignments of the redox waves were further supported by density functional
theory (DFT, B3LYP/def2-SVP) calculations performed by Subhajyoti Chaudhuri, PhD,
in collaboration with the Schatz group at Northwestern University (Figure 5.3.7). The first
oxidation event was attributed to the highest occupied molecular orbital (HOMO) of
Co(5.1)2. The HOMO was found to be a metal-based anti-bonding interaction between the
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dxz-orbital and a ligand-based * orbital. The second oxidation was attributed to a nonbonding interaction between the dyz orbital and the ligand
was

assigned to

a purely

ligand-based orbital.

system. The third oxidation
The preliminary

calculated

(B3LYP/def2SVP) oxidation potentials of Co(5.1)2 were in reasonable agreement with the
experimentally determined potentials (Figure 5.3.6b). Notably, two coordinating solvent
(CH3CN) molecules were required to obtain the best fit in a low spin electronic
configuration (see experimental section for spin states considered), as observed in the
simulation of the electronic absorption spectrum, and further supported an octahedral
solution state geometry (Figure 5.3.7b). The spin state of Co(5.1)2 (e.g. high vs low spin)
was found to not significantly impact the energy of the first two Co(5.1)2 oxidations
(Figure 5.3.7c) in preliminary calculations, whereas the third oxidation was calculated to
have significantly different energies based on the spin state of the complex.
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Figure 5.3.7. a) DFT (B3LYP/def2-SVP) calculated molecular orbitals of Co(5.1)2 at varying overall charge
states (q). Yellow boxes indicate the molecular orbital being emptied upon oxidation. b) DFT
(B3LYP/631+G(d,p) simulated energies for the oxidation of Co(5.1)2 with varying quantities of solvent
molecules using low spin electronic configurations. c) DFT (B3LYP/631+G(d,p)) simulation of Co(5.1)2 in
high and low spin configurations at varying overall charge states (no. of holes).

The assignments of the second two redox waves (Epa = +0.32 and +0.84 V vs
Fc/Fc+) as [5.1]–/• oxidations were further supported by the reported cyclic voltammetry of
Al(5.1)2Cl, where Al3+ is redox-inactive and all redox waves observed would be ligandbased.42 The complex Al(5.1)2Cl exhibited two quasi-reversible oxidative waves with peak
potentials reported at Epa = +0.34 and +0.70 vs Fc/Fc+ and were assigned as [5.1]–/• couples.
The potential of [5.1]–/• couples for Al(5.1)2Cl are similar to the second two redox waves
(Epa = +0.32 and +0.84 V vs Fc/Fc+) observed in the CV of Co(5.1)2 and support their
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assignment as [5.1]–/• couples. The CV of Zn(5.1)2 exhibited a major irreversible oxidation
at Epa = +0.63 V vs Fc/Fc+ assigned as a [5.1]–/• oxidation (Figure 5.3.6d). This oxidation
was likely followed by a chemical rearrangement, such as ligand dissociation, causing the
oxidation event to be irreversible.
Magnetic Field Dependent Electrochemical Characterization. Preliminary
magnetic field-dependent cyclic voltammograms (CVs) were collected by placing a plate
magnet with a ~0.2 T persistent field to the wall of the electrochemical cell in close
proximity to the working electrode surface (Figure 5.3.8). The data were collected by
either myself, or Robert F. Higgins, PhD, and the data reproduced by each other. The
reproduced experiments did not result in identical data sets, and require additional trials to
confirm any potential magnetoelectrochemical responses. The CV of cobaltocene
(Co(Cp)2) was not reproduced. These preliminary experiments were performed using the
same electrodes and electrochemical solutions as the magnetic field-free experiments.
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Figure 5.3.8. Experimental setup of cyclic voltammograms collected in the presence of a ~0.2 T applied
field.

Applying a ~0.2 T magnetic field in close proximity to the working electrode of
the same Co(5.1)2 electrochemical solution subtly shifted the resultant CV (Figure 5.3.6a,
red and green traces). For example, there was a cathodic shift of the first oxidation feature
of ~10 mV in both trials with an increase in current in Trial 2. The ligand-based oxidation
features (Epa = +0.32 and +0.84 V vs Fc/Fc+) exhibited minor potential shifts, and increased
current in the presence of the ~0.2 T magnetic field. However, the change in current in the
presence of a magnetic field for Epa = +0.84 V vs Fc/Fc+ was more pronounced in Trial 1
than Trial 2, and may not actually be impacted by the magnetic field. The differences
observed in the presence of a magnetic field for Co(5.1)2 may be due to a change in the
degrees of freedom in solution as the paramagnetic complex aligned with the magnetic
field. This could have impacted the ability of solvent molecules to bind the metal center,
and influenced the amount of current passed in the electrochemical experiment. This
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hypothesis would be consistent with the previously discussed DFT simulations, where
explicit coordination by two CH3CN solvent molecules were required to obtain the best
match to the experimental data in absence of a magnetic field (Figure 5.3.6b). Additional
experiments will be required to confirm the impact of a magnetic field on the CV of
Co(5.1)2. These results were in contrast to the electrochemical behavior of Co(Cp)2
(Figure 5.3.6c). There was effectively no difference between the electrochemical response
of the Co2+/3+ redox couple of Co(Cp)2 with (Figure 5.3.6c, red trace) and without (Figure
5.3.6c, blue trace) the application of a ~0.2 T magnetic field. Evidently, the properties of
the metal’s spin of Co(Cp)2 (S = ½) were altered by the ligand environment, and resulted
in slightly different electrochemical responses between the Co(5.1)2 and Co(Cp)2 upon
application of a magnetic field.
This hypothesis was supported by the CV of Zn(5.1)2 in the presence of an applied
~0.2 T magnetic field (Figure 5.3.6d, red trace). The current passed at the oxidative wave
in Trial 1 was significantly increased when compared to the CV collected in absence of the
magnetic field. However, there was a less pronounced effect of the magnetic field on the
oxidative wave in Trial 2, and the return cathodic scan was significantly shifted in the
presence of the magnetic field (Figure 5.3.6d, green trace). Because Zn2+ is diamagnetic,
and generally considered redox-inactive, any potential differences observed between the
CVs of Zn(5.1)2 in the presence of a magnetic field must have been due to an interaction
of a ligand-based radical, [5.1]•, with the magnetic field. A similar phenomenon has been
reported in the CV of nitrobenzene (NB), a diamagnetic organic molecule. An increased
current in the reductive wave, assigned as the NB0/•– redox couple, was observed upon
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application of a ~0.5 T magnetic field.22 This increase in current was attributed to the ~0.5
applied magnetic field decreasing the charge-transfer resistance associated with generating
the paramagnetic NB•– species in the electrochemical experiment through the Frumkin
effect. The increased current observed in the CV of Zn(5.1)2 in the presence of an applied
~0.2 T magnetic field were thus likely due to a decrease in charge-transfer resistance in the
formation of a paramagnetic species, such as [Zn(5.1)(5.1•)]+, as a result of the applied
magnetic field in a similar fashion to NB•–. However, there were differences observed in
the impact of an applied magnetic field on the CVs of Zn(5.1)2 between Trials 1 and 2, and
additional experiments are required to confirm any effect of the magnetic field.
The origin of the differences in electrochemical behavior in the presence on applied
~0.2 T magnetic field between Co(5.1)2 and Zn(5.1)2 was likely due in part to the different
solution state speciation observed between these complexes. Other factors, such as the
electronic structures of these complexes, likely influenced the magnetoelectrochemistry as
well. For example, the Zn2+ cation has a filled d-orbital manifold with 10 valence electrons,
which results in filled M-L antibonding orbitals that increase the lability of the ligands.18
The Co2+ cation has fewer 7 d electrons, and thus has fewer electrons populating
antibonding orbitals, and forms less substitutionally labile complexes. We expect that
further investigation into the electronic structure of these complexes will uncover bonding
interactions and other factors that impact the magnetoelectrochemistry of transition metal
complexes. Understanding such factors will allow us to design new ligand frameworks to
maximize the influence of an applied magnetic field on the properties of metal complexes
to afford their separations.
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Prospects for Separations Chemistry. Mixtures of Co/Ni are common in
batteries, and represent an important separations problem for recycling end-of-life
batteries.2,

17

However, prospects for separating Co/Zn mixtures will be discussed to

demonstrate potential separations systems for application to the more industrially relevant
Co/Ni separations. One potential separation would take advantage of the solubility
differences observed between Co(5.1)2 and Zn(5.1)2. Co(5.1)2 was found to be wellsoluble in CH3CN while Zn(5.1)2 was found to be completely insoluble. The separations
would involve leaching Co(5.1)2 from a solid mixture containing both metal complexes
through its selective dissolution with CH3CN (Scheme 5.3.2). This separation would be
expected to yield highly purified materials due to the large difference in solubility.

Scheme 5.3.2. Proposed thermodynamic separations process based on solubility differences between
Co(5.1)2 and Zn(5.1)2.

A more interesting separation would take advantage of the observed differences in
the electrochemistry between Co(5.1)2 and Zn(5.1)2. For example, our group has reported
an electrokinetic separations procedure based on differences in ligand-based oxidation
rates of rare earth element complexes at 0 V vs Fc+/Fc (Scheme 5.3.3).43 That work
demonstrated that Eu(TriNOx)(THF) could be selectively oxidized in a mixture with
Y(TriNOx)(THF)

using

[Fc][BArF]

to

form

[Eu(TriNOx•)]22+.

The

oxidized

[Eu(TriNOx•)]22+ species was found to be soluble in benzene, where Y(TriNOx)(THF) was
not, and could be selectively leached using benzene to afford their separation with a
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separations factor SFEu/Y = 74.8. Further, our group has demonstrated that applying a ~0.2
T magnetic field doubled the separations factor achieved for Eu/Dy mixtures following the
same electrokinetic separations procedure for Eu/Y mixtures.25 A similar electrokinetic
separation in the presence of a magnetic field could be productive in application to mixtures
of Zn(5.1)2 and Co(5.1)2.

Scheme 5.3.3. Previously reported electrokinetic separations procedure.43

The preliminary CVs of Zn(5.1)2 exhibited a 19 A increase in current passed at
+0.70 V vs Fc/Fc+ as a result of the applied ~0.2 T magnetic field (Figure 5.3.6d), where
Co(5.1)2 exhibited minimal change at the same potential (Figure 5.3.6a). It is worth noting
that the effect of the applied magnetic field von the CVs of both complexes between trials,
and additional experiments are required to confirm any effects. This observation suggested
a larger difference in oxidation rate would be observed at +0.70 V vs Fc/Fc+ between
Zn(5.1)2 and Co(5.1)2 in the presence of an applied ~0.2 T magnetic field than in its
absence. Oxidation of a mixture of Zn(5.1)2 and Co(5.1)2 by a chemical oxidant with a
potential at E1/2 = +0.70 V vs Fc+/Fc, such as tris(4-bromophenyl)ammoniumyl
hexachloroantimonate ([N(4-Br-C6H4)3][SbCl6]),44 would thus be expected to have greater
selectivity for Zn(5.1)2 in the presence of a magnetic field (Scheme 5.3.4). The resulting
[Zn(5.1)(5.1•)][SbCl6] species would be expected to exhibit different solubility properties
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from Co(5.1)2 that could be used to afford the separation of these elements. While this
proposed electrokinetic separations method in the presence of an applied magnetic field
has not been applied separate Co(5.1)2 from Zn(5.1)2, it represents a potential method for
separating cobalt from mixtures.
Co(5.1)2

[N(4-Br-C6H4)3][SbCl6]

Co(5.1)2

Solvent

Zn(5.1)2

~0.2 T magnetic field

[Zn(5.1)(5.1•)][SbCl6]

Filter

Filtrate
Solid

Co(5.1)2
[Zn(5.1)(5.1•)][SbCl6]

Scheme 5.3.4. Proposed electrokinetic separations in the presence of an applied ~0.2 T magnetic field for
mixtures of Co(5.1)2 and Zn(5.1)2.

The complex Ni(5.1)2 would be expected to exhibit an increase in current passed
for the [5.1]–/• redox couple in the presence of an applied ~0.2 T magnetic field compared
to the absence of the magnetic field in a similar fashion to Zn(5.1)2. The proposed
electrokinetic separation in the presence of a magnetic field between Zn(5.1)2 and Co(5.1)2
would then be applicable to mixtures of Co(5.1)2 and Ni(5.1)2.

5.4

Conclusions
The complexes Co(5.1)2 and Zn(5.1)2 were synthesized and characterized in both

solid and solution states. Attempts to isolate Ni(5.1)2 were not successful. 1H NMR
spectroscopy of Co(5.1)2 in polar and non-polar solvents were consistent with the
monomeric solution speciation observed in the solid state, where Zn(5.1)2 was found to
have solvent- and temperature-dependent solution speciation revealing the presence of
monomeric and dimeric species. The dimeric species, [Zn(5.1)2]2 could be isolated and
characterized in the solid state. Preliminary studies applying a ~0.2 T magnetic field to
solutions of Co(5.1)2 may result in increased the current passed at the metal- and first
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ligand-based redox waves, but have minimal effect on the second ligand-based redox wave.
The ~0.2 T magnetic field may increase the current passed in the irreversible ligand-based
oxidation of Zn(5.1)2 to a greater extent than observed for the quasi-reversible oxidations
of Co(5.1)2. These results suggested that the ligand radical, [5.1]•, may have interacted with
the applied magnetic field. Cobaltacene was found to not exhibit any magnetic fielddependent electrochemistry. These results potentially implicate the importance of the
ligand environment on the magneto-electrochemical response of metal complexes, and
represents an opportunity to investigate other molecular Co complexes with varying
geometries and ligand fields to probe this phenomenon.

5.5

Experimental Section
General Methods. Reactions were performed under inert atmosphere using

standard Schlenk techniques or in a drybox equipped with a molecular sieves 13X / Q5 Cu0226S catalyst purifier system unless otherwise specified. Related glassware was ovendried for at least 3 hours at 150 C prior to use. 1H and 13C{1H} NMR spectra were obtained
on a Bruker DMX-300 Fourier transform NMR spectrometer at 300 MHz and a Bruker
AVIII-400 NMR spectrometer at 100.61 MHz, respectively, or on a Bruker DRX-500
NMR spectrometer at 500 MHz and 126 MHz, respectively. Accurate mass measurement
analyses were conducted on either a Waters GCT Premier, time-of-flight, GCMS with
electron ionization (EI), or an LCT Premier XE, time-of- flight, LCMS with electrospray
ionization (ESI). Samples were taken up in a suitable solvent for analysis. The signals were
mass measured against an internal lock mass reference of perfluorotributylamine (PFTBA)
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for EI-GCMS, and leucine enkephalin for ESI-LCMS. Waters software calibrates the
instruments, and reports measurements, by use of neutral atomic masses. The mass of the
electron is not included. All dilutions were performed using appropriate class A volumetric
glassware. Elemental analyses were performed by Midwest Microlabs (Indianapolis, IN).
A Bell 620 Gaussmeter (Model 620) was used to measure the persistent field on two
separate Fe14Nd2B magnets. A calibrated Lakeshore HGT-2101 Hall sensor using a
Stanford Research Systems SR830 Lock-In Amplifier in a 4-probe configuration was used
for the Hall probe measurement on two separate Fe14Nd2B magnets.
Materials. All materials were purchased directly from commercial sources and
used without further purification, unless otherwise noted. Anhydrous cobalt(II) iodide,
nickel(II) chloride, and zinc(II) chloride were purchased from Strem and used as received.
Tetrahydrofuran, dichloromethane, hexanes, pentane, and acetonitrile were purchased from
Fisher Scientific. All solvents were sparged with dry argon for 30 minutes and dried using
a commercial two-column solvent purification system comprising columns packed with
Q5 reactant and neutral alumina, respectively (dichloromethane, hexanes, pentane,
acetonitrile), or two columns of neutral alumina (THF). NMR solvents were purchased
Cambridge Isotope Laboratories, Inc. and stored over 4-Å molecular sieves prior to use.
N–tBu–N–2–pyridylhydroxylamine (H5.1) was synthesized according to literature
procedures.30 The Fe14Nd2B magnets (1/2” square × 1/8” thick plate) were purchased from
United Nuclear Scientific Equipment and Supplies.
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X-Ray Crystallography. X-ray intensity data were collected using a Rigaku
XtaLAB Synergy-S geometry diffractometer, utilizing graphite-monochromated PhotonJet
Cu-Kα radiation (λ = 1.54184 Å) at 100(2) K. Rotation frames were integrated using
ChrysAlisPro,45 producing a list of unaveraged F2 and σ(F2) values which were then passed
to the SHELXT program package for additional processing and structure solution.46
Intensity data were corrected for Lorentz and polarization effects and for absorption using
SCALE3 ABSPACK. Refinement was completed using full-matrix least squared based on
F2 using SHELXL-2015.47 All reflections up to θ = 29.97 ° were used during refinement.
Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were refined
using a riding model.

Electrochemistry. Electrochemical experiments were performed using a CH
Instruments 620D Electrochemical Analyzer/Workstation and the data were processed
using CHI software v9.24. All experiments were performed in an N2 atmosphere drybox
using electrochemical cells that consisted of a 4 mL vial, glassy carbon (3 mm diameter)
working electrode, a platinum wire counter electrode, and a silver wire quasi-reference
electrode. The working electrode surfaces were polished prior to each set of experiments,
and were periodically replaced on scanning > 0 V versus ferrocene (Fc) to prevent the
buildup of oxidized product on the electrode surfaces. Potentials were reported versus Fc,
which was added as an internal standard for calibration at the end of each run. Solutions
employed during the electrochemical studies were ~1 mM in analyte and 100 mM in
[nPr4N][B(3,5-(CF3)2-C6H3)4] ([nPr4N][BArF]) or [nPr4N][PF6]. All data were collected in
a positive-feedback IR compensation mode. The solution cell resistances were measured
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prior to each run to ensure resistances ≤ ~500

. Scan rate dependences were also

performed. Baseline corrections for the cyclic voltammetry data were done using the
CHI620D program package.
Computational Details. Preliminary computations were performed by Subhajyoti
Chaudhuri, PhD, in collaboration with the Schatz group at Northwestern University. The
redox properties of the Co(5.1)2 complex were studied using density functional theory
(DFT) models of various complexity. In the simplest model, the molecule was optimized
in polarizable continuum acetonitrile solvents. To include the effects of solvent
coordination with the Co center, two models were built adding either one or two explicitly
coordinated solvent molecules in addition to the solvent continuum. For the simplest
model, DFT calculations were performed at the B3LYP48 (D3)49/Def2-TZVP50 level of
theory as implemented in Q-Chem 5.2.51 For models with explicitly coordinated solvent
molecules, to restrict the electron loss to the complex, constrained-DFT (CDFT)52 was
used, with the constraint of a net neutral charge on the solvent molecules, making the
charge on the system and Co(5.1)2 equivalent. All CDFT calculations were performed at
the B3LYP(D3)/Def2-TZVP level of theory implemented in Q-Chem 5.2. Optimizations
were performed for both high and low spin states for each oxidation state of the complex
starting from the solid state structure of Co(5.1)2. The smaller of the two energies was
taken as the energy at that oxidation state for the purpose of calculating redox potentials.
For each comparison with potentials obtained from experimental cyclic voltammetry
measurements (vs Fc/Fc+), the energy for reduction of Fc+ (calculated at the same level of
theory in PCM acetonitrile with DFT) was added to the energy for oxidation of the
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complex. The electronic absorption spectrum was computed using time dependent density
functional theory (TD-DFT) at the B3LYP/Def2-SVP50 level of theory as implemented in
Q-Chem 5.2. The structure of Co(5.1)2 was optimized as previously described.
======================================================
STRUCTURES OBTAINED FROM CONSTRAINED DFT OPTIMIZATIONS
======================================================
Fuctional

B3LYP

Basis Set

Def2-TZVP

Solvent

PCM + 2 solvent molecules

======================================================
Charge
Spin

0
Low, S = 1/2

======================================================
Co

-0.0001089845 -0.0002878217

0.0002070842

O

-0.1697561777 -1.1697281994 -1.4776558742

N

1.8397659138 -0.5459271326 -0.0766986423

N

1.0423695452 -1.7305825053 -1.8564877739

C

2.8201618268 -0.1566655362

0.7545055258

H

2.5120248493

0.5353691315

1.5279338312

C

4.1167128451 -0.5979673531

0.6493801704

H

4.8721585064 -0.2581959077

1.3423848261

C

4.4064503700 -1.5068996301 -0.3835362881

H

5.4119014527 -1.8917850318 -0.5023900189

C

3.4272530047 -1.9232894902 -1.2479372429

H

3.6685450911 -2.6266119157 -2.0248828220
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C

2.1002012941 -1.4255367176 -1.0953233348

C

0.9795993633 -2.6864666302 -3.0020672995

C

1.3130031099 -4.1100333566 -2.5222425211

H

2.3296043555 -4.2028485887 -2.1441401134

H

1.2010338717 -4.8091324418 -3.3530962260

H

0.6234536573 -4.4044601766 -1.7287397165

C

1.9140027265 -2.2242879806 -4.1345271233

H

1.6421713587 -1.2153693858 -4.4499945534

H

1.7984155284 -2.8943999280 -4.9881675274

H

2.9650578975 -2.2244410012 -3.8551169936

C

-0.4486056547 -2.7006940890 -3.5635649155

H

-1.1702352594 -3.0421841225 -2.8246068471

H

-0.4597886330 -3.3917160505 -4.4080712080

H

-0.7504400708 -1.7158800961 -3.9159786807

O

0.1696191166

1.1693179120

1.4779152531

N

-1.8399176986

0.5456026278

0.0769508549

N

-1.0424876092

1.7302268271

1.8567517791

C

-2.8202979147

0.1564694789 -0.7543309620

H

-2.5122303998 -0.5357460218 -1.5276251296

C

-4.1167455834

0.5981371671 -0.6494623875

H

-4.8721819723

0.2584616334 -1.3425240384

C

-4.4063763532

1.5073548291

0.3832302031

H

-5.4117222121

1.8925944067

0.5018239202

C

-3.4271893711

1.9236161644

1.2477068723

H

-3.6683688610

2.6272081976

2.0244425054
204

C

-2.1002742121

1.4254132504

1.0954192551

C

-0.9795704785

2.6864761699

3.0020198428

C

-1.3121863496

4.1100347700

2.5216150124

H

-2.3286745633

4.2031873496

2.1432811468

H

-1.2000525711

4.8093941182

3.3522288268

H

-0.6223434491

4.4038465236

1.7281388678

C

-1.9144802863

2.2251344269

4.1344021159

H

-1.6432023775

1.2161963337

4.4502805908

H

-1.7987788327

2.8954829061

4.9878408087

H

-2.9654694376

2.2256933777

3.8547552647

C

0.4484892031

2.7001942008

3.5639018649

H

1.1704773405

3.0411757694

2.8250630321

H

0.4597617434

3.3914059698

4.4082497930

H

0.7497760870

1.7153223551

3.9166301748

N

-0.5888003707 -2.1906144442

1.8191107634

C

-0.8204676753 -3.0872898096

2.5014738581

C

-1.1137846028 -4.2178055702

3.3639976721

H

-1.4554936541 -3.8601704414

4.3359474296

H

-0.2152935227 -4.8209174708

3.5000360056

H

-1.8937927298 -4.8327680782

2.9138638374

N

0.5884804351

2.1905265714 -1.8193308371

C

0.8203518909

3.0872736578 -2.5015359676

C

1.1139765641

4.2178802520 -3.3638308994

H

1.8982856227

4.8293013327 -2.9163549899

H

0.2171450761

4.8245249283 -3.4950008937
205

H

1.4499773815

3.8603167863 -4.3377958009

======================================================
Charge
Spin

0
High, S = 3/2

======================================================
Co

0.0000261844 -0.0012978674

0.0003392085

O

-0.0885358847 -1.4413589022 -1.3620411537

N

1.9825601765 -0.7194952385 -0.0348206078

N

1.1415186405 -1.7389836221 -1.9108249537

C

2.9857147438 -0.4028697232

0.7929070886

H

2.6972484106

0.1784928845

1.6617206034

C

4.2978793519 -0.7619201241

0.5789546480

H

5.0737358752 -0.4832974062

1.2773414300

C

4.5710156804 -1.5029497780 -0.5825857578

H

5.5841281200 -1.8180408815 -0.8022474236

C

3.5641801834 -1.8469551205 -1.4490362708

H

3.7996584768 -2.4310257717 -2.3204060428

C

2.2251346701 -1.4481960479 -1.1630452919

C

1.1163954654 -2.4409535475 -3.2294721623

C

1.5369771480 -3.9120549577 -3.0618976787

H

2.5602539114 -4.0230077690 -2.7071322011

H

1.4612005553 -4.4283058687 -4.0209616934

H

0.8722546300 -4.4078331058 -2.3518363533

C

1.9989374835 -1.7029197598 -4.2526444221
206

H

1.6637850189 -0.6694098731 -4.3546903109

H

1.9047630890 -2.1913298695 -5.2242526460

H

3.0538515039 -1.6928730810 -3.9915875035

C

-0.3180420804 -2.4184012671 -3.7750440076

H

-1.0097444306 -2.9357279186 -3.1143540938

H

-0.3152737677 -2.9226417932 -4.7429891698

H

-0.6744823177 -1.3988657061 -3.9176969228

O

0.0893518586

1.4377538743

1.3645412892

N

-1.9814786994

0.7183047302

0.0359014294

N

-1.1408767382

1.7367036571

1.9124408352

C

-2.9840717772

0.4005782138 -0.7918665449

H

-2.6942962342 -0.1799412574 -1.6607015728

C

-4.2964587894

0.7582696653 -0.5780376653

H

-5.0718125784

0.4778619821 -1.2760689726

C

-4.5698211411

1.5008508366

0.5823055356

H

-5.5829368734

1.8161510337

0.8008245902

C

-3.5633714838

1.8469049034

1.4483821657

H

-3.7992630358

2.4331149667

2.3181813476

C

-2.2243405716

1.4470087289

1.1639572546

C

-1.1155746663

2.4415262989

3.2295670739

C

-1.5346368155

3.9127308245

3.0590170464

H

-2.5576497304

4.0239661796

2.7034938795

H

-1.4587157846

4.4305009453

4.0172971986

H

-0.8690917288

4.4064988386

2.3483060686

C

-2.0000302047

1.7066351577

4.2533295180
207

H

-1.6669652344

0.6726143725

4.3574758422

H

-1.9057673914

2.1964458133

5.2241547812

H

-3.0548453541

1.6988003189

3.9913790651

C

0.3189923600

2.4188871845

3.7747173668

H

1.0103385003

2.9349062631

3.1125123609

H

0.3170372432

2.9245612756

4.7418242686

H

0.6748687874

1.3994053851

3.9188269947

N

-0.6685103470 -1.4622385058 1.7183682852

C

-0.9772249127 -1.9925372812

2.6890633267

C

-1.3697387821 -2.6549695203

3.9180640402

H

-1.8690394300 -1.9410773151

4.5745193185

H

-0.4871049294 -3.0505664196

4.4221267130

H

-2.0525917519 -3.4750950592

3.6928712350

N

0.6668457343

1.4588350992 -1.7195369686

C

0.9739763279

1.9915697876 -2.6893751245

C

1.3654659565

2.6566991448 -3.9169997931

H

2.0665867508

3.4613758097 -3.6923875632

H

0.4848771535

3.0730472780 -4.4075196620

H

1.8438426354

1.9385754051 -4.5841799147

======================================================
Charge
Spin

+1
Low, S = 0

======================================================
Co

-0.0000501831 -0.0000972399

0.0000608888
208

O

-0.1754118586 -1.1587578652 -1.4747821226

N

1.8380926547 -0.5431883480 -0.0705573072

N

1.0429593270 -1.7182726828 -1.8536534684

C

2.7973919780 -0.1368681338

0.7754472723

H

2.4732144245

0.5551569597

1.5409729692

C

4.0935381643 -0.5736519825

0.6763846701

H

4.8435852138 -0.2301207831

1.3729341052

C

4.3925003588 -1.4819887468 -0.3550293869

H

5.4008260753 -1.8608862982 -0.4656537940

C

3.4257399872 -1.9059261726 -1.2290598828

H

3.6759264610 -2.6066308148 -2.0056862168

C

2.0957476516 -1.4168303989 -1.0876953409

C

0.9624596092 -2.6787127923 -2.9991917608

C

1.2953832150 -4.0981877424 -2.5136812304

H

2.3199818718 -4.1923512121 -2.1580812803

H

1.1633026591 -4.8005561998 -3.3381652236

H

0.6208852281 -4.3842962256 -1.7048298388

C

1.8948870768 -2.2215273757 -4.1325987092

H

1.6386198560 -1.2064287565 -4.4398091652

H

1.7620736463 -2.8846069684 -4.9886562507

H

2.9470392995 -2.2447507255 -3.8582144950

C

-0.4718926404 -2.6810787832 -3.5455883615

H

-1.1879361473 -3.0249344384 -2.8021460228

H

-0.4952134717 -3.3679177443 -4.3925067180

H

-0.7706682885 -1.6933534379 -3.8923884993
209

O

0.1753364096

1.1585796408

1.4748835288

N

-1.8381769821

0.5430515822

0.0706724516

N

-1.0430549609

1.7179775340

1.8538845810

C

-2.7974593880

0.1368347357 -0.7754000932

H

-2.4733223470 -0.5552929770 -1.5408513594

C

-4.0935398929

0.5738503795 -0.6764970011

H

-4.8435805095

0.2303896148 -1.3730871383

C

-4.3924302770

1.4823761281

0.3547685254

H

-5.4006776397

1.8615379463

0.4651971619

C

-3.4256814618

1.9062105735

1.2288641793

H

-3.6757817998

2.6071246856

2.0053286370

C

-2.0957918533

1.4167805090

1.0877444683

C

-0.9624120748

2.6787649727

2.9991237074

C

-1.2945337671

4.0982379506

2.5130510983

H

-2.3190359399

4.1927576080

2.1572519858

H

-1.1622501784

4.8008485681

3.3372986101

H

-0.6197639611

4.3837321790

1.7042069342

C

-1.8953593815

2.2224162843

4.1324369108

H

-1.6396927503

1.2072822007

4.4400231910

H

-1.7624014384

2.8856901146

4.9883205692

H

-2.9474330884

2.2461019921

3.8578114641

C

0.4717849028

2.6805851442

3.5459329705

H

1.1882083412

3.0239487771

2.8026326764

H

0.4951794571

3.3675813676

4.3927209432

H

0.7699949315

1.6927870307

3.8930224391
210

N

-0.3866456020 -1.4615359514

1.1892470006

C

-0.6181987764 -2.3407528775

1.8816408813

C

-0.9118166332 -3.4551790888

2.7548556903

H

-1.2475084719 -3.0799633082

3.7224054145

H

-0.0123156922 -4.0574694942

2.8897794555

H

-1.6965899989 -4.0677581439

2.3091491625

N

0.3865353781

1.4613337867 -1.1891395039

C

0.6181142509

2.3405517720 -1.8814934009

C

0.9118394424

3.4550333023 -2.7546196761

H

1.7010661213

4.0639723706 -2.3117989352

H

0.0140322326

4.0609552319 -2.8844609540

H

1.2414903904

3.0798592674 -3.7242600461

======================================================
Charge
Spin

+1
High, S = 1

======================================================
Co

-0.0000860672 -0.0002219320

0.0001604157

O

-0.1218477927 -1.1097601970 -1.4523159705

N

1.8441356093 -0.5280666714 -0.0493944943

N

1.0433022455 -1.7099294584 -1.8193887748

C

2.8128721268 -0.1279731977

0.7901107724

H

2.5028249999

0.5666438293

1.5590877826

C

4.1074335843 -0.5732063546

0.6843869406

H

4.8613993346 -0.2315434378

1.3778053779
211

C

4.4057995920 -1.4811805586 -0.3427555259

H

5.4132444602 -1.8599825607 -0.4572464289

C

3.4301826733 -1.9020736253 -1.2117647045

H

3.6711888596 -2.6017745177 -1.9917581844

C

2.1140645773 -1.4047042190 -1.0560212098

C

0.9520723253 -2.6617344806 -2.9746765552

C

1.2883905993 -4.0826642809 -2.4964524007

H

2.3129155554 -4.1778527865 -2.1417671615

H

1.1585771808 -4.7774238740 -3.3273840943

H

0.6146269198 -4.3765631526 -1.6901375836

C

1.8800523213 -2.1970883319 -4.1086033010

H

1.6263159778 -1.1791673854 -4.4075832740

H

1.7417489542 -2.8547821923 -4.9677600563

H

2.9332588249 -2.2263472039 -3.8391979507

C

-0.4882940390 -2.6512624897 -3.4998432078

H

-1.1968797888 -2.9863171217 -2.7448668750

H

-0.5315749515 -3.3380932032 -4.3454046310

H

-0.7835706272 -1.6606124731 -3.8415406284

O

0.1217267011

1.1094294368

1.4525387507

N

-1.8442515027

0.5278294889

0.0495847910

N

-1.0433847974

1.7097123973

1.8195524977

C

-2.8129721769

0.1278450473 -0.7899892771

H

-2.5029772337 -0.5669291431 -1.5588457108

C

-4.1074436440

0.5733961761 -0.6844971282

H

-4.8613973543

0.2318101201 -1.3779672018
212

C

-4.4057206405

1.4816222835

0.3424493437

H

-5.4130785208

1.8607229927

0.4567216311

C

-3.4301138024

1.9024159833

1.2115190331

H

-3.6710248259

2.6023581251

1.9913253274

C

-2.1141094126

1.4046634148

1.0560593947

C

-0.9520228213

2.6618058520

2.9745927858

C

-1.2875904539

4.0827426555

2.4958576530

H

-2.3120108155

4.1782711499

2.1409505633

H

-1.1576227199

4.7777187858

3.3265851605

H

-0.6135466863

4.3760799225

1.6895714033

C

-1.8804911494

2.1979205211

4.1084289788

H

-1.6273239528

1.1799529902

4.4077295152

H

-1.7420515851

2.8557684797

4.9674455499

H

-2.9336236095

2.2276358953

3.8387977626

C

0.4882018863

2.6508109397

3.5001372510

H

1.1971404281

2.9853855451

2.7452833149

H

0.5315635703

3.3377955656

4.3455673842

H

0.7829442225

1.6600987056

3.8421206015

N

-0.4840185115 -1.8531001887

1.4639283450

C

-0.7165227218 -2.7297321176

2.1683285321

C

-1.0113797224 -3.8375759961

3.0565489388

H

-1.3465304647 -3.4555506134

4.0216416321

H

-0.1145979041 -4.4417170845

3.2004898562

H

-1.7969283574 -4.4568586497

2.6218459069

N

0.4838529587

1.8529209307 -1.4638553028
213

C

0.7164290035

2.7295715561 -2.1681912233

C

1.0114439481

3.8374662984 -3.0563110631

H

1.8014013881

4.4530965926 -2.6244214583

H

0.1163666726

4.4452857989 -3.1952792999

H

1.3406203120

3.4554485194 -4.0234611556

======================================================
Charge
Spin

+2
Low, S = 1/2

======================================================
Co

-0.0163584908

0.0195475359

0.0047570016

O

-0.1074880313 -1.1707848139 -1.5042088726

N

1.8441958430 -0.5306960390 -0.0594963814

N

1.0142266641 -1.7396905632 -1.8245217505

C

2.7960293146 -0.1185850830

0.7734108791

H

2.4892862174

0.5853604447

1.5345107148

C

4.0996706877 -0.5759204206

0.6633711814

H

4.8517340227 -0.2243963727

1.3543007065

C

4.3999347531 -1.4854507501 -0.3421579754

H

5.4057131651 -1.8658502398 -0.4558458773

C

3.4105988179 -1.9162427541 -1.2106464493

H

3.6463623305 -2.6232215154 -1.9851967522

C

2.1205420567 -1.4128201032 -1.0439999966

C

0.9552946406 -2.6975126210 -3.0054589444

C

1.3095702712 -4.1062636527 -2.5097455072
214

H

2.3392393056 -4.1993887077 -2.1727424574

H

1.1675984676 -4.7978929318 -3.3405234393

H

0.6447326125 -4.3993913159 -1.6965024613

C

1.8943921540 -2.1907108835 -4.1093917368

H

1.6511206401 -1.1608353185 -4.3720450247

H

1.7383097917 -2.8174709501 -4.9875702714

H

2.9472706233 -2.2487601482 -3.8461724929

C

-0.4809063280 -2.6951844213 -3.5331043479

H

-1.1888966089 -3.0417816051 -2.7827067940

H

-0.5085949675 -3.3812041898 -4.3790561109

H

-0.7810359974 -1.7070549186 -3.8776685508

O

0.1644270797

1.1528329195

1.4502865064

N

-1.8432953588

0.5447382050

0.0608194915

N

-1.0523544787

1.7103645823

1.8475239176

C

-2.8023910774

0.1357877710 -0.7892745186

H

-2.4875379615 -0.5540134368 -1.5599284341

C

-4.0962479044

0.5712675347 -0.6825056010

H

-4.8473967402

0.2272732038 -1.3774281551

C

-4.3966440564

1.4763166282

0.3517353011

H

-5.4057325324

1.8521525675

0.4637438628

C

-3.4305248691

1.8997086543

1.2251228558

H

-3.6765848581

2.5977632088

2.0049965061

C

-2.1030387970

1.4133851760

1.0800254084

C

-0.9564272682

2.6707302881

2.9940949761

C

-1.2841437861

4.0916348933

2.5100083683
215

H

-2.3096364827

4.1909328537

2.1581960131

H

-1.1478035949

4.7900680748

3.3371720099

H

-0.6109201631

4.3778918486

1.7003547681

C

-1.8864681813

2.2169702123

4.1304891617

H

-1.6366374309

1.2000991691

4.4365684826

H

-1.7443973016

2.8802294262

4.9849406776

H

-2.9398207653

2.2491362172

3.8614471345

C

0.4832076261

2.6558176847

3.5245367061

H

1.1944223485

2.9936490914

2.7733944967

H

0.5240716649

3.3405427545

4.3721019005

H

0.7738978928

1.6635644097

3.8659975347

N

-0.4028760729 -1.4449876278

1.1755523658

C

-0.6320651929 -2.3228740657

1.8699916510

C

-0.9212045952 -3.4339548335

2.7454401355

H

-1.2579888831 -3.0545446616

3.7110799778

H

-0.0182521540 -4.0310140319

2.8813181820

H

-1.7040263775 -4.0494792826 2.3002315469

N

0.3692196625

1.4683719085 -1.1862687451

C

0.6041000602

2.3480118362 -1.8765740213

C

0.9035038228

3.4605209597 -2.7465761586

H

1.6915340884

4.0665181708 -2.2975306259

H

0.0063563475

4.0664944578 -2.8806518662

H

1.2382434948

3.0827320707 -3.7135487418

======================================================
216

Charge
Spin

+2
High, S = 3/2

======================================================
Co

-0.0000795944 -0.0001722468

0.0001131282

O

-0.0859717953 -1.1563693732 -1.5161797841

N

1.8539086540 -0.5440494445 -0.0642762371

N

1.0291298618 -1.7414947186 -1.8384480437

C

2.8177920655 -0.1430614967

0.7650647126

H

2.5233079243

0.5557517101

1.5356780252

C

4.1202473633 -0.5988731711

0.6510946737

H

4.8750171608 -0.2517660675

1.3412538727

C

4.4172259631 -1.5050979090 -0.3597217436

H

5.4220587323 -1.8876061632 -0.4779959235

C

3.4237018492 -1.9275598646 -1.2255627947

H

3.6566346249 -2.6303969609 -2.0045683915

C

2.1329192484 -1.4219071504 -1.0546501789

C

0.9666140531 -2.7014021306 -3.0124442070

C

1.3154625153 -4.1122456445 -2.5169392412

H

2.3415544753 -4.2072541110 -2.1696542486

H

1.1796660057 -4.8053967107 -3.3474557064

H

0.6436188082 -4.4044869589 -1.7088883352

C

1.9008614409 -2.2037280929 -4.1254486249

H

1.6489867145 -1.1785617049 -4.3991683226

H

1.7510742406 -2.8401493290 -4.9978731455

H

2.9544044762 -2.2484200282 -3.8621179481
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C

-0.4704485945 -2.7008979369 -3.5396049433

H

-1.1782252715 -3.0419632667 -2.7860026297

H

-0.4998934285 -3.3922149951 -4.3815383998

H

-0.7705338864 -1.7144634867 -3.8899259440

O

0.0858499431

1.1560551978

1.5163690440

N

-1.8540323095

0.5438417943

0.0644307546

N

-1.0291765286

1.7414088245

1.8384862561

C

-2.8179226112

0.1429133206 -0.7649300399

H

-2.5235161414 -0.5561034435 -1.5353886733

C

-4.1202813233

0.5990591964 -0.6511928765

H

-4.8750580152

0.2519956072 -1.3413662248

C

-4.4171471527

1.5055858444

0.3593860533

H

-5.4218920173

1.8883916134

0.4774445113

C

-3.4236174956

1.9279772650

1.2252555890

H

-3.6564434874

2.6310622978

2.0040692758

C

-2.1329486209

1.4219471491

1.0546124136

C

-0.9665549507

2.7015138960

3.0123178080

C

-1.3147317912

4.1123838070

2.5164070029

H

-2.3407095610

4.2076985650

2.1688597590

H

-1.1788592079

4.8056815123

3.3467891049

H

-0.6425957748

4.4041755669

1.7084357784

C

-1.9012490413

2.2044763663

4.1252329017

H

-1.6498766939

1.1792577996

4.3992165291

H

-1.7513539653

2.8410073430

4.9975592128

H

-2.9547221975

2.2495839477

3.8617004617
218

C

0.4703858792

2.7005296630

3.5398099462

H

1.1784813865

3.0411590357

2.7863128636

H

0.4999181773

3.3919880603

4.3816226727

H

0.7699810888

1.7140354315

3.8903858388

N

-0.4562138494 -1.7409193926

1.3580159658

C

-0.6882074978 -2.6150046817

2.0640614494

C

-0.9814352349 -3.7172447312

2.9568245249

H

-1.3171086345 -3.3277337413

3.9187021145

H

-0.0828264405 -4.3178111973

3.1039207097

H

-1.7659793184 -4.3396971255

2.5249464290

N

0.4560259369

1.7406097342 -1.3578392587

C

0.6881173248

2.6147447811 -2.0638437005

C

0.9815066217

3.7170270569 -2.9564725729

H

1.7703167418

4.3359346585 -2.5272758097

H

0.0845379104

4.3211872893 -3.0987952296

H

1.3114144039

3.3275054409 -3.9203388437

======================================================
Charge
Spin

+3
Low, S = 0

======================================================
Co

-0.0000642654 -0.0001283366

0.0000856136

O

-0.0949035828 -1.1377124251 -1.4581001915

N

1.8437825684 -0.5160184146 -0.0291038847

N

1.0299065941 -1.7171114658 -1.7880889899
219

C

2.7963773639 -0.1033769445

0.8007973994

H

2.5016056292

0.5996396838

1.5672520520

C

4.1004754040 -0.5604079984

0.6838784300

H

4.8520696509 -0.2060362107

1.3736916963

C

4.4026686442 -1.4710705292 -0.3249334721

H

5.4097418878 -1.8478336930 -0.4373873656

C

3.4186814107 -1.9034243143 -1.1906871214

H

3.6522724245 -2.6098692361 -1.9667646282

C

2.1176637481 -1.4027121929 -1.0260696464

C

0.9370703586 -2.6665426104 -2.9735559463

C

1.2851880001 -4.0812488294 -2.4861417890

H

2.3173935958 -4.1821512692 -2.1600131768

H

1.1297166628 -4.7634647592 -3.3220656155

H

0.6239766751 -4.3731588047 -1.6698968151

C

1.8683529253 -2.1615038482 -4.0867924293

H

1.6308453202 -1.1283515768 -4.3405925295

H

1.6917073408 -2.7838833744 -4.9639735241

H

2.9231631618 -2.2338071980 -3.8356963704

C

-0.5069757239 -2.6448545805 -3.4782431267

H

-1.2083087515 -2.9879759546 -2.7194576871

H

-0.5532395909 -3.3277229363 -4.3258452963

H

-0.8012217974 -1.6523384405 -3.8163294057

O

0.0947950210

1.1374525230

1.4582585046

N

-1.8438941261

0.5158330289

0.0292501118

N

-1.0299501678

1.7170614843

1.7881038073
220

C

-2.7964980608

0.1032185491 -0.8006524338

H

-2.5017913538 -0.5999922982 -1.5669545261

C

-4.1005129531

0.5605411417 -0.6839436563

H

-4.8521168921

0.2061691104 -1.3737458431

C

-4.4026015287

1.4715203422

0.3246147182

H

-5.4095898763

1.8485800306

0.4368418202

C

-3.4186058239

1.9038410509

1.1903757559

H

-3.6520919535

2.6105736519

1.9662234962

C

-2.1176948320

1.4027630674

1.0260283479

C

-0.9370193203

2.6666547948

2.9734235269

C

-1.2845058328

4.0813927547

2.4856414091

H

-2.3166015804

4.1825851164

2.1592481067

H

-1.1289835381

4.7637314477

3.3214559679

H

-0.6230025745

4.3728908649

1.6694846068

C

-1.8687178627

2.1622002179

4.0865745795

H

-1.6316849201

1.1289958836

4.3406080863

H

-1.6919653849

2.7846688776

4.9636703552

H

-2.9234535563

2.2349002052

3.8352861007

C

0.5069132123

2.6445094419

3.4784128134

H

1.2085365990

2.9872424216

2.7197226905

H

0.5532518705

3.3274966741

4.3259123778

H

0.8007068614

1.6519315522

3.8167141889

N

-0.3898373466 -1.4612822919

1.1695305404

C

-0.6214098217 -2.3387972745

1.8637808201

C

-0.9136340352 -3.4464669823

2.7389321925
221

H

-1.2516136349 -3.0627399357

3.7026193949

H

-0.0108072955 -4.0433661314

2.8767696266

H

-1.6968537795 -4.0601745263

2.2918228185

N

0.3897200877

1.4610113193 -1.1693348709

C

0.6213651828

2.3385628676 -1.8635387536

C

0.9137137339

3.4462730929 -2.7385784253

H

1.7011285667

4.0565512404 -2.2941548703

H

0.0124581053

4.0466146862 -2.8716570974

H

1.2460123191

3.0625547603 -3.7042411081

======================================================
Charge
Spin

+3
High, S = 1

======================================================
Co

-0.0000641142 -0.0001425690

0.0000893852

O

-0.0971580335 -1.1443053134 -1.4932392779

N

1.8470145461 -0.5293964707 -0.0459894259

N

1.0219762517 -1.7249993726 -1.8178136904

C

2.7930761691 -0.1158287970

0.7915070956

H

2.4918854424

0.5840963759

1.5585818799

C

4.0989957796 -0.5695405832

0.6777801385

H

4.8486374402 -0.2159217343

1.3700981492

C

4.4038633578 -1.4731335420 -0.3302370461

H

5.4116223075 -1.8482666104 -0.4444442279

C

3.4171004279 -1.9044948142 -1.2032346620
222

H

3.6554442857 -2.6064181373 -1.9817506500

C

2.1261929422 -1.4066168822 -1.0379733932

C

0.9411665362 -2.6860849846 -3.0006890609

C

1.2883907551 -4.0929301423 -2.4959661821

H

2.3187715494 -4.1897676513 -2.1628650978

H

1.1385098075 -4.7879763293 -3.3222200385

H

0.6240330732 -4.3771022534 -1.6795229723

C

1.8787740851 -2.1837847497 -4.1070732933

H

1.6337535360 -1.1558216659 -4.3745527986

H

1.7207494961 -2.8155646210 -4.9811814511

H

2.9315784805 -2.2408429694 -3.8443493389

C

-0.4991072802 -2.6707876014 -3.5164499354

H

-1.2050319142 -3.0122424729 -2.7613362125

H

-0.5357095862 -3.3590802120 -4.3604737462

H

-0.7931147626 -1.6815105871 -3.8639299021

O

0.0970441971

1.1440006437

1.4934289584

N

-1.8471129202

0.5292188018

0.0461150283

N

-1.0220165472

1.7249226008

1.8178498932

C

-2.7931748984

0.1157178468 -0.7914140866

H

-2.4920488722 -0.5843727252 -1.5583634804

C

-4.0990117806

0.5697192783 -0.6778928986

H

-4.8486606186

0.2161340833 -1.3702210284

C

-4.4037877071

1.4735627906

0.3299272189

H

-5.4114794978

1.8489275413

0.4439626624

C

-3.4170220232

1.9048647713

1.2029518059
223

H

-3.6552727042

2.6070145039

1.9812924138

C

-2.1262135996

1.4066543734

1.0379328640

C

-0.9410997038

2.6862083623

3.0005683410

C

-1.2876170095

4.0930930954

2.4954546177

H

-2.3178959303

4.1902815550

2.1621314794

H

-1.1376081274

4.7882713477

3.3215753018

H

-0.6229826415

4.3768175426

1.6790807351

C

-1.8791857150

2.1845596257

4.1068393675

H

-1.6347053942

1.1565340391

4.3745706602

H

-1.7210608994

2.8164372744

4.9808591529

H

-2.9319050307

2.2420616210

3.8438823048

C

0.4990410836

2.6703942503

3.5166859023

H

1.2053044185

3.0114089813

2.7616929407

H

0.5357319553

3.3588201214

4.3605960765

H

0.7925317053

1.6810501016

3.8644145013

N

-0.3892996700 -1.4632317084

1.1542010989

C

-0.6194496268 -2.3386261963

1.8512931918

C

-0.9092069295 -3.4412393898

2.7333485641

H

-1.2426504657 -3.0506356373

3.6960339750

H

-0.0061464286 -4.0379916462

2.8712150318

H

-1.6950448515 -4.0570700886

2.2935895412

N

0.3891551566

1.4629206938 -1.1540176422

C

0.6193607322

2.3383708562 -1.8510911606

C

0.9092333264

3.4410227546 -2.7330236593

H

1.6994382332

4.0532498412 -2.2960635688
224

H

0.0078382729

4.0414058828 -2.8659506783

H

1.2367390933

3.0504234007 -3.6977483109

Cobalt bis(N-tBu-N-2-pyridylnitroxide) (Co(5.1)2). To a stirring solution of CoI2
(0.094 g, 0.30 mmol) in THF (3 mL) was added H5.1 (0.100 g, 0.60 mmol) as a solution
in THF (3 mL). After 15 min, KH (0.030 g, 0.75 mmol) was added as a solid in portions.
The mixture was allowed to stir at room temperature for 16 h, at which point volatiles were
removed under reduced pressure. The solid was triturated with pentane (1
red-brown solid was washed with pentane (5

2 mL). The

2 mL), then dried on a sintered glass fritted

funnel to yield Co(5.1)2 a purple solid (0.051 g, 42%). Single crystals suitable for X-ray
analysis were obtained by slow evaporation of a concentrated hexanes solution, or
precipitation from concentrated hexanes solution at –25 C. 1H NMR (300 MHz, CD3CN):
= 32.66 (br s, 2H), 26.19 (br s, 2H), −1.92 (br s, 18H), −14.59 (br s, 2H), −18.63 (br s,
2H). ). Anal. calcd for C18H26CoN4O2 [Co(5.1)2]: C, 55.53; H, 6.73; N, 14.39. Found: C,
55.29; H, 7.11; N, 14.04.
Zinc bis(N-tBu-N-2-pyridylnitroxide) (Zn(5.1)2). To a stirring suspension of
ZnCl2 (0.020 g, 0.15 mmol) and H5.1 (0.050 g, 0.30 mmol) in THF (6 mL) was added KH
(0.012 g, 0.31 mmol) as a solid in portions. After 16 h at room temperature, the mixture
was filtered through a Celite-packed, coarse porosity fritted filter, then volatiles removed
under reduced pressure. The residue was triturated with pentane (1
solid was washed with pentane (5

2 mL). The yellow

2 mL), then dried on a sintered glass fritted funnel to

yield Zn(5.1)2 a yellow solid (0.035 g, 59%). Single crystals of a dimeric species,
225

[Zn(5.1)2]2, suitable for X-ray analysis were obtained by precipitation from concentrated
CH2Cl2 solution at –25 C. 1H NMR (300 MHz, d5-pyr):

= 8.44 (br s, 2H), 7.04 (t, 3JHH

= 9Hz, 2H), 6.79 (d, 3JHH = 9Hz, 2H), 6.12 (br s, 2H), 1.67 (s, 18H). Anal. calcd for
C18H34N4O6Zn [Zn(5.1)2•4 H2O]: C, 46.21; H, 7.33; N, 11.98. Found: C, 46.14; H, 6.37;
N, 11.98.
Nickel bis(N-tBu-N-2-pyridylnitroxide) (Ni(5.1)2). To a stirring suspension of
NiCl2 (0.038 g, 0.30 mmol) and H5.1 (0.10 g, 0.60 mmol) in THF (6 mL) was added KH
(0.024 g, 0.62 mmol) as a solid in portions. After 16 h at room temperature, the mixture
was filtered through a Celite-packed, coarse porosity fritted filter, then volatiles removed
under reduced pressure. The residue was triturated with pentane (1 2 mL). The red-brown
solid was washed with pentane (5

2 mL), then dried on a sintered glass fritted funnel to

yield a red-brown powder (0.098 g, 85%). Single crystals of Ni(5.1)2 suitable for X-ray
analysis could not be obtained due to persistent formation of insoluble black and dark green
solids. Analytically pure materials could not be isolated for this complex.
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Figure 5.5.1. 1H NMR of Co(5.1)2 in CD3CN.

Figure 5.5.2. 1H NMR of Co(5.1)2 in CD2Cl2.
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Figure 5.5.3. 1H NMR in CD3CN of Co(5.1)2 before (bottom trace) and after addition of FcPF6 (top trace).

Figure 5.5.4. 1H NMR of Zn(5.1)2 in d5-pyr.
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Figure 5.5.5. 1H NMR of Zn(5.1)2/[Zn(5.1)2]2 in C6D6.

Figure 5.5.6. 1H NMR spectra of the crude Ni(5.1)2 reaction product collected in CD3CN (top) and CD2Cl2
(bottom).

229

Figure 5.5.7. 1H NMR spectrum of the crude Ni(5.1)2 reaction product collected in d5–pyridine. Solid was
observed in the NMR tube upon removal from the spectrometer.
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